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ACW  Antral contraction wave 
B.C. Boundary condition 
CFD Computational fluid dynamics 
GDS Gastric digestion simulator 
GFS Gastric flow simulator 
I.C. Initial condition 
MRI Magnetic resonance imaging 
PIV Particle image velocimetry 
SGF Simulated gastric fluid 
SS Solution of starch syrup in Milli-Q 
SY The mixture of simulated gastric fluid and yogurt 
 
Numerical symbols described as SI unit 
u

 Flow velocity vector (m/s) 
A Amplitude of antral contraction wave generated in gastric flow simulator (m) 
Cpep Concentration of pepsin (M) 
D(x) Diameter of the antrum model (m) 
L Characteristic length (m) 
N Total number of antral contraction wave during calculation (-) 
P Fluid pressure (Pa) 
Pe Peclet number (-) 
RTofu Radius of Tofu particles used in digestion experiment (m) 





Sc Schmidt number (-) 
St Stokes number (-) 
TACW Generation cycle of antral contraction wave (s) 
Tpep Diffusion time of pepsin (s) 
U Characteristic flow velocity (m/s) 
UACW Progressing speed of antral contraction wave (m/s) 
a Amplitude factor of the antrum model (-) 
d Mesh size (m) 
dp Diameter of tracer particles (m) 
dt Differential time (s) 
i Index of summation symbol “” (-) 
lx  Generation range of antral contraction wave along x-axis (m) 
ly Generation range of antral contraction wave along y-axis (m) 
mx Natural number for regulating the shape of antral contraction wave along x-axis (-) 
my Natural number for regulating the shape of antral contraction wave along y-axis (-) 
t Time (s) 
u x-Component of flow velocity vector ( u

) (m/s) 
v y-Component of flow velocity vector ( u

) (m/s) 
s Width of antral contraction wave (m) 
| | Symbol of absolute value 
 Error factor (-)  
 Fluid viscosity (Pa s) 
 Shear stress (Pa) 
Dpep Diffusion coefficient of pepsin (m
2
/s) 
 Fluid density (kg/m3) 
p Density of tracer particles (kg/m
3
) 
 Shear rate (s-1) 
f

 Gravity term (m/s
2
) 
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Chapter 1. General introduction 
Food digestion has been studied for developing new food products in recent years. Food 
researchers and technologists have tried to clarify food digestion in vivo, in vitro, and in silico. 
This chapter reviews studies related to food digestion to justify this thesis, and the objectives 
are described. 
 
1.1 Controlling food digestion for designing new food products 
Controlling food digestion has been the focus of researchers and industries within the 
last decade due to the increase of elderly persons and functional dyspepsia patients. Because 
of their decreased digestive ability, foods that can be easily digested must be developed. 
Likewise, cases of metabolic syndrome are also increasing. People with this condition require 
foods that are hard to digest so that excessive nutrients are not absorbed. 
Many functional foods have been proposed. For example, -carotene is added to foods 
as nutrients, whereas some foods contain dextrin to reduce lipid absorption for body weight 
reduction. However, most functional foods have been studied using mainly the chemical 
approach. In addition, most functional foods are restricted to beverages. However, the 
physical approach for developing functional foods has not been studied enough. For instance, 
if we can clarify the strength of the physical force applied to food during digestion, we may 
be able to design mechanical properties of foods that are easy or hard to digest. Such 
knowledge will be useful for developing both beverages and new solid food products. Since 
digestion combines chemical and physical phenomena, studying digestion should provide 
both chemical and physical knowledge for designing such products. 
 
1.2 Food digestion in human gastrointestinal tract 
Digestion is the process of breaking down food for metabolism and use by the body 
(quoted from the data base: Medical Subject Headings (i)). Ingested foods are chewed in the 
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mouth, passed through the stomach, and absorbed in the intestine. The gastrointestinal (GI) 
tract includes the digestive structures stretching from the mouth to the anus but does not 
include the accessory glandular organs (quoted from the data base: Medical Subject Headings 
(i)). Figure 1.1 depicts the human GI tract, including information about pH, retention time, 
and digestive juice. The state of food (e.g., size, composition, macrostructure, and 
microstructure) changes dramatically while passing through the GI tract. Digestion can be 
divided into chemical digestion, physical digestion, biological digestion, and absorption. 
Chemical digestion is catalyzed by digestive enzymes secreted from the walls of the GI tract. 
Physical digestion is induced by mechanical and hydrodynamic phenomena, where 
breakdown, mixing, and emptying occur. Absorption occurs in the small intestine and the 
large intestine, and then each nutrient is transferred to each cell. The following section 
summarizes digestion through the GI tract and the background of digestion study. 
In the human mouth, ingested foods are chewed, mixed with saliva, and transferred to 
the stomach through the esophagus. The retention time in the mouth ranges from 20 sec to 2 
min (Fig. 1.1). The main chemical digestion phenomenon in the mouth is decomposition of 
carbohydrates catalyzed by -amylase in saliva, where the pH is 5 to 7. However, saliva also 
contains lingual lipase; fat decomposition by this enzyme is very slight compared to that in 
the stomach and the small intestine (Pedersen et al., 2002). The main physical digestion 
phenomena in the mouth are chewing, mixing, and swallowing. Solid food is mechanically 
broken down by chewing, roughly reducing its size below 5.0 mm, depending on the type of 
food (Jalabert-Malbos et al., 2007). For example, the typical particles size after chewing is 0.8 
mm for peanuts and 3.0 mm for gherkins (Jalabert-Malbos et al., 2007). Mixing of foods with 
saliva is the hydrodynamic phenomenon that induces oral motion: the final product after oral 
digestion is known as bolus. The bolus is then transferred toward the stomach. The driving 
force of this transfer is esophageal peristalsis, which is the muscle contraction motion along 
the esophageal wall. 
The bolus continues to break down, mixes with gastric juice, and empties toward the 
small intestine. The range of retention time in the human stomach is 15 min to 3 h (Fig. 1.1). 
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The main chemical digestion in the stomach is the enzyme reaction of pepsin, where protein 
in the food is decomposed into peptide or amino acid in the acidic environment, which has a 
pH 1 to 5. Gastric lipase also acts in the stomach, where 10 to 25% of total lipids ingested 
from the mouth are decomposed into fatty acid (Carrière et al., 2001). Physical digestion in 
the stomach occurs by gastric peristalsis, which is gastric wall motion, mixing gastric contents 
(food and gastric juice) and reducing the size of solid contents to below 2.0 mm to pass 
through the pylorus (stomach outlet) (Kelly et al., 1980). The products after gastric digestion, 
known as chyme, are emptied toward the small intestine by gastric peristalsis. 
In the small intestine, chyme mixes with pancreatic juice and bile; the nutrients in the 
contents are then absorbed through the intestinal walls. The retention time of the human small 
intestine ranges from 2 to 5 h (Fig. 1.1). Chemical digestion occurs in the duodenum, which is 
the first 250 mm part of the small intestine, where lipid decomposition mainly occurs: the 
remainder of lipids ingested from the mouth is decomposed (Carrière et al., 2001). 
Carbohydrates are also decomposed by the amylase and amylogucosidase in pancreatic juice.  
Furthermore, protein is decomposed by proteinase in pancreatic juice (trypsin, chymotrypsin, 
carbosypeptidase, and elastase). The typical pH is 6.5 to 7. Cholic acid included in bile acts as 
an emulsifier so that dissolved lipid into aqueous phase as a micelle to easily absorb to small 
intestinal walls. Physical digestion in the small intestine occurs by segmentation contractions 
and peristaltic contractions on the intestinal walls (Seidel and Longet, 2006). Chyme is mixed 
with pancreatic juice and bile mainly by segmentation contractions, whereas peristaltic 
contractions transfer contents forward in the GI tract: the mixture progresses at the speed of 
20 to 250 mm/s (Seidel and Longet, 2006). 
The large intestine is the last main part of the GI tract, where microbial fermentation of 
undigested food and water reabsorption occur. The retention time in the human large intestine 
is 12 to 24 h (Fig. 1.1). The typical pH in this organ is 5 to 7. The content that has remained 
undigested until the small intestine is finally fermented into small molecules by microbiota, 
and the residue is emptied as excrement. 
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1.3 Human stomach 
The stomach is a digestive organ the state of food is dramatically changed by both 
chemical and physical digestion effects. Table 1.1 lists the major key words in each digestive 
organ. The oral and esophageal digestion have been studied mainly from the viewpoint of 
physical digestion: chewing or swallowing. The small intestine has been studied mainly using 
the chemical approach. Also, intestinal absorption has been studied frequently. Both the 
chemical approach and the physical approach have been used to study the stomach; therefore, 
studying gastric digestion can provide interesting information for controlling both chemical 
and physical properties of foods. In addition, the state of foods digested in the stomach affects 
the absorption of nutrients in the small intestine. Thus, understanding the state of food after 
gastric digestion is important for controlling nutrient absorption.  
The human stomach has been studied using the clinical approach for several decades. 
Details of the human stomach are discussed here. 
 
1.3.1 Main part of the stomach 
The human stomach, including the name of each part, is illustrated in Fig. 1.2. The 
stomach is a bag-like structure with a total volume of 1 to 2 L. The surface of the gastric wall 
is rugae, where gastric juice is secreted. The main part of the stomach consists of the body, the 
antrum, and the pylorus. The body, which is the proximal part of the stomach, acts as a tank. 
When the bolus is initially ingested into the stomach, the body relaxes so that the bolus is 
stored temporarily (Sernka and Jacobson, 1979). The main digestion in the stomach occurs in 
the antrum, which is the distal part of stomach. The antrum is like a tapered tube, stretching 
toward the intestine. Gastric peristalsis occurs mainly in this region. Muscle contraction of the 
gastric wall progresses toward the end of the stomach; these contraction waves are known as 
Antral Contraction Waves (ACWs) (Schwizer et al., 2006). The bolus and gastric juice are 
mixed by gastric peristalsis, promoting enzyme reaction. In addition, gastric peristalsis breaks 
down the solid contents, reducing particle size. The pylorus is located at the end of the 
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stomach. The gastric contents are emptied by gastric peristalsis through the pylorus: the final 
product is chyme. The pylorus also acts as a sieve. The solid contents in the stomach smaller 
than 2.0 mm pass through the pylorus; larger solid contents remain in the stomach to be 
digested again (Kelly et al., 1980). 
 
1.3.2 Gastric secretion and emptying 
Gastric juice is secreted from the gastric wall. The total amount of secreted gastric juice 
is 2 to 3 L/day (Kong and Singh, 2008a). The secretion flow rate ranges from 1 to 10 mL/min, 
which varies with fasting or ingested conditions (Kong and Singh, 2008a). Viscosity also 
affects the secretion flow rate. Marciani et al. (2001a) reported that high viscosity of gastric 
contents can promote gastric juice secretion, where the investigated flow rate differs 1.5 times 
between low viscosity (0.06 Pa s) and high viscosity (29.5 Pa s) conditions. The gastric pH 
ranges from 1 to 5, which is controlled by gastric acid mainly consisting of HCl to regulate 
pepsin activation. The optimal pH range is 1 to 4. When the bolus is ingested into the stomach, 
the pH of gastric contents temporarily increases to 5 (Kong and Singh, 2008a). Gastric acid is 
then secreted from the gastric wall to reduce the pH within 1 h (Malagelada et al., 1976). 
The retention time in the human stomach ranges from 15 min to 3 h, depending on the 
type of food. In general, liquid foods rapidly empty from the stomach within 1 h, according to 
the exponential curve; however, solid foods remain longer (Camilleri et al., 1985). The flow 
rate of gastric emptying is 5 mL/min for liquid food (Marciani et al., 2001a). Viscosity of the 
gastric contents and the meal calories affect retention time, where high viscosity contents or a 
high calorie meal delays gastric emptying (Marciani et al., 2001a). 
 
1.3.3 Gastric motility in human 
1.3.3.1 Motion of gastric peristalsis 
Gastric peristalsis occurs with contraction waves on the gastric wall (ACWs). The 
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motility of human gastric peristalsis has been observed using magnetic resonance imaging 
(MRI) (King et al., 1984; Pallotta et al., 1998). Figure 1.3 presents snapshots of peristalsis 
using MRI (Ajaj et al., 2004). The main parameters of ACWs are speed and frequency. 
Though these values differ somewhat according to the paper, the approximate range of ACW 
speed is 1.5 to 5.0 mm/s, and frequency is 1 to 3 cycles/min (Marciani et al., 2001b; Marciani 
et al., 2001c; Kunz et al., 1999; Kwiatek et al., 2006; Schwizer et al., 1996; Ajaj et al., 2004; 
Kloetzer et al., 2010; O'Grady et al., 2010; Hocke et al., 2009).  
ACW speed and frequency are almost constant for food type (liquid or solid) and 
viscosity. For example, the reported ACW speed hardly changes with food type: 2.8 mm/s for 
liquid food and 3.1 mm/s for food containing solid contents (Kunz et al., 1999). Also, ACW 
frequency is the same (2.9 cycle/min) for both liquid food and food containing solid contents 
(Kunz et al., 1999). The effects of gastric content viscosity on ACWs were reported by 
Marciani et al. (2001c). ACW speed is 1.57 mm/s, and frequency is 2.98 cycle/min for low 
viscosity food (0.06 Pa s). In contrast, these parameters hardly change in high viscosity food 
(29.5 Pa s): ACW speed is 1.55 mm/s, and frequency is 2.92 cycle/min (Marciani et al., 
2001c). 
However, health conditions can affect ACW parameters. Ajaj et al. (2004) reported a 
mean ACW speed of 2.4 mm/s for healthy volunteers, whereas the mean ACW speed in 
gastroparesis patients decreased up to 1.0 mm/s. Thus, we can design food products to be 
digested easily in accordance with each patient peristalsis level if we can quantitatively 
understand the relationship between the motion of gastric peristalsis and gastric digestion. 
 
1.3.3.2 The physical force in the stomach 
Some force in the stomach is necessary so that solid foods are broken down. This 
section discusses several studies regarding force inside the human stomach. Vassallo et al. 
(1992) reported on force in the antrum during gastric emptying, using a force transducer with 
an inflatable 2 mL balloon (diameter 15 mm). The measured mean force is 6.0 N for liquid 
food, and 22.0 N for food containing solids. This force, measured as “N,” sometimes differs 
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according to the size of solid foods. It is assumed that the more general parameter is pressure 
or stress, defined as the force per unit area of features (Pa = N/m
2
). Some researchers have 
investigated intragastric pressure using a manometer. The mean pressure is 1.6 to 2.8 mmHg 
(0.2 to 0.4 kPa) for liquid food according to Kwiatek et al. (2009). Whereas, Desipio et al. 
(2007) reported that the mean pressure is and 12.8 mmHg (1.7 kPa) for liquid food and 9.9 
mmHg (1.3 kPa) for the food containing solids. Desipio et al. (2007) also reported that the 
maximum intragastric pressure is 60.5 mmHg (8.0 kPa) for liquid food and 53.6 mmHg (7.1 
kPa) for the food containing solids (Desipio et al., 2007). However, this measured pressure, 
known as “hydraulic pressure,” may not always correspond to the stress that breaks down 
solid foods in the stomach. 
Seeking to clarify the relationship between gastric force and the breakdown of solid 
foods, Marciani et al. (2001c) reported on the force that breaks down solids in the human 
stomach. They prepared several agar gel particles with 12.7 mm diameter and used direct 
observation by MRI to investigate the hardness of agar gel particles that broke down in the 
stomachs of volunteers. The maximum compression force that breaks down agar gel particles 
is 0.65 N, according to this paper, and the compressive stress estimated for this agar gel 
diameter is 4 kPa. Though the gastric force, defined as stress, is on the order of 10
0
 kPa 
according to these studies, it is possible that harder solid materials are broken down in the 
human stomach. Kamba et al. (2000) used tablets (7 mm length, 4 mm width) containing a 
marker drug so that the released drug from the tablet could be detected in the blood only when 
the tablets were broken down in the stomach. The estimated force is 1.5 N for fasting and 1.89 
N for fed condition. According to the results, with a breakdown force of 68 kPa ( = 1.89 N / (7 
mm x 4 mm)) the tablets could be broken down in the human stomach. 
Regarding physical force in gastric digestion, the relationship between gastric force and 
peristalsis remains unclear. The force or the stress that breaks down solids can be divided into 
compressive stress and shear stress. The former can result from direct compression between 
solids and the gastric walls by peristalsis; the latter can result from the hydrodynamic shear 
rate in the gastric flow induced by peristalsis. Thus, one aim of gastric force study is to clarify 
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which stress is dominant in solid food digestion. 
 
1.4 Recent gastric digestion study in silico and in vitro 
Clinical knowledge about the human stomach is frequently the focus of research. 
However, digestion inside the stomach is not yet understood because of experiment 
restrictions. For example, the hydrodynamic flow induced by gastric peristalsis or 
disintegration of solid food remains unclear. From the viewpoint of applied science, it is 
necessary to develop a relatively simple digestion system to analyze gastric digestion in vitro. 
A low-cost system is also important when designing new food products, since the unit price of 
foods is much lower than that of drugs. For these reasons, approaches other than in vivo have 
been used recently. This section discusses recent gastric digestion studies in silico and in vitro. 
 
1.4.1 Fundamental study: analysis of intragastric flow phenomena 
Dynamic intragastric phenomena have been visualized mainly by in silico approaches 
using the Lattice Boltzmann Method, Computational Fluid Dynamics (CFD), and the Particle 
Method (Pal et al., 2004; Ferrua and Singh, 2010; Xue et al., 2012; Imai et al., 2013). Typical 
examples of simulated intragastric flow-field induced by gastric peristalsis are presented in 
Fig. 1.4.  
Pal et al. (2004) prepared a 2D computational structure of the human stomach, 
calculating the intragastric flow-field induced by peristalsis using the Lattice Boltzmann 
Method. They determined the peristalsis parameters by observing the actual motion of human 
gastric peristalsis using MRI, with ACW speed set to 2.5 mm/s and frequency set to 3.0 
cycle/min. The calculated intragastric flow-field is presented in Fig. 1.4a. Two characteristic 
flows occur in the stomach according to this paper: retropulsive flow against the direction of 
ACWs and eddy flow around the waves. The maximum flow velocity is 7.5 mm/s, which is 
observed in the retropulsive flow. Although they assumed that the pylorus is open several 
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millimeters, the velocity of the fluid flowing out through the pylorus is much lower than the 
retropulsive flow. Thus, the pylorus condition (open or closed) hardly affects intragastric flow. 
Ferrua and Singh (2010) prepared a 3D computational structure of the human stomach, 
calculating the intragastric flow-field induced by peristalsis using Computational Fluid 
Dynamics (CFD). They conduct CFD calculation using both Newtonian (Ferrua and Singh 
2010) and non-Newtonian (shear thinning fluid; Ferrua et al., 2014). The calculated 
intragastric flow-field in the case of Newtonian fluid is presented in Fig. 1.4b. The 
characteristics of the intragastric flow-field are the same as those of Pal et al. (2004). 
According to this paper, viscosity affects the intragastric flow-field. Intragastric flow with a 
viscosity of 1000 mPa s became localize compared to the case of 1 mPa s. The maximum 
flow velocity is 40 mm/s, which exceeds that of Pal et al. (2004). Major flow characteristics 
for non-Newtonian fluid are almost same as those for Newtonian fluid (Ferrua et al., 2014). 
They also investigated intragastric flow in vitro using a plastic chamber and deformable walls, 
observing retropulsive flow experimentally (Ferrua and Singh 2010; Ferrua et al., 2011). The 
same group also considered two-phase flow including solids (Xue et al., 2012). They 
investigated the effect of particle density using two systems, with particle density set to the 
same or 5% higher as continuous phase. With higher particle density, the particles settled, and 
the flow channel of continuous phase becomes narrow; as a result, the velocity of the 
retropulsive flow increases. 
Imai et al. (2013) prepared a 3D computational structure of the human stomach, 
calculating the intragastric flow-field induced by peristalsis using the Particle Methods: 
Moving Particle Semi-implicit method. They calculated the intragastric flow-field with 
several stomach positions against gravity. “Antral recirculation” is defined in their study. 
While the former two studies focused on instantaneous intragastric flow, their study estimated 
time-average velocity vectors based on the obtained intragastric flow-field. The estimated 
time-average flow-field is the greater curvature and the backward retropulsive flow with a 
velocity of several millimeters per second, which can contribute to gastric mixing. 
The intragastric flow studies are summarized in Table 1.2. According to these studies, 
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intragastric flow includes retropulsive flow against the direction of ACWs and eddy flow 
around the waves. However, further investigation is necessary, especially regarding, viscosity, 
and multiphase flow. Although Ferrua and Singh (2010) reported that an intragastric 
flow-field with a viscosity of 1 mPa s differs from that of 1,000 mPa s, how the intragastric 
flow-field changes between these viscosity values remains unclear. Analysis of multiphase 
flow is also incomplete. Although Pal et al. (2004) calculated the movement of virtual 
particles according to the intragastric flow-field, these particles do not affect the flow-field 
itself. Xue et al. (2012) considered the interaction of flow between solid particles and liquid. 
However, the flow-field in the microscopic view (e.g., the flow field around the surfaces of 
solid particles) remains unclear. The numerical approach has limits for calculating all 
digestion phenomena (e.g., the breakdown of solids) due to the computational load. As 
described in Ferrua and Singh (2010), the experimental approach is another way to clarify the 
complex flow system of the stomach. In the future, for example, it will be necessary to 
compare results between numerical and experimental approaches, or to measure the more 
complex intragastric flow using experimental devices. 
 
1.4.2 Applied study: development of in vitro gastric digestion system 
Since computational approaches are limited in calculating the entire digestion process, 
various in vitro digestion studies have been proposed over last two decades. The following is 
a short review of in vitro digestion studies including the stomach. 
Most conventional in vitro digestion experiments have been conducted inside glass 
vessels. One of the simplest methods is incubation of samples with artificial digestive juice 
(Yin et al., 2008). This method can partially simulate chemical digestion in the GI tract. Some 
in vitro digestion studies have been conducted with mixing samples and digestive juice using 
circulatory motion (McClements et al., 2010), rotor motion (Oomen et al., 2003), magnetic 
stirrers (van Aken et al., 2011), or stroke motion (Wang et al., 2012; Wang et al., 2013). These 
experiment conditions are more similar to actual digestion than the static system, since the 
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contents in the GI tract are continuously mixed during digestion. 
Actual food digestion in the GI tract is more complex. Therefore, some researchers have 
proposed continuous stirred tank reactors that secrete digestive juice and empty contents 
(Vatier et al., 1998; Mainville et al., 2005; Ménard et al., 2014; Molly et al., 1994). For 
example, Mainville et al. (2005) used several vessels as digestive organs, simulating the 
secretion of digestive juice and the emptying of contents using pumps (Fig. 1.5a). They 
analyzed the food state or the pH profiles inside the vessels. These systems can provide 
information about chemical digestion in the GI tract. However, physical digestion (i.e., 
mixing and breakdown of foods) remains unclear. Although the contents are mixed using 
magnetic stirrers in these systems, the hydrodynamic conditions of these systems do not 
always correspond to actual digestion conditions, since the contents are mixed or broken 
down by peristaltic motion in most digestive organs. 
More complex digestion devices have also been proposed by institutes or universities. 
In addition to simulating chemical digestion, most devices simulate the more realistic motion 
of the GI tract. Figure 1.5b depicts the TNO Gastrointestinal Model (TIM), which is a 
well-known digestion device developed at The Netherlands Organization for Applied Science 
Research (TNO; Netherlands) (Minekus et al., 1995). TIM-1 is the stomach and small 
intestine mode, and TIM-2 is the large intestine mode. In addition to the continuous reaction 
system (secretion of digestive juice and emptying of contents), TIM simulates the wall motion 
in the GI tract using a “flexible wall” compressed by water pressure (Fig. 1.5b1). The 
Dynamic Gastric Model (DGM) is a complex in vitro gastric device developed at the Institute 
of Food Research (IFR) (UK) (Fig. 1.5c) (Mercuri et al., 2008). DGM simulates gastric 
secretion and emptying. In addition, it simulates gastric mixing using the motion of piston and 
barrel in the antrum part of DGM (Fig. 1.5c). Simulation of Physiological Digestion 
(SIMPHYD) (NIZO, Netherlands) and the Dynamic Gastrointestinal Simulator (SIMGI) 
(CIAL, Spain) are other digestion devices that simulate gastric mixing (unpublished works). 
Regarding physical digestion, these devices can simulate the hydrodynamic mixing condition 
better than the continuously stirred tank reactor as mentioned earlier (e.g., Fig. 1.5a), since 
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they are equipped with flexible walls motion like the GI tract walls. 
Some researchers have studied the breakdown of solid foods in the stomach. Chen et al. 
(2011) proposed one of the simplest experiments. They investigated the size distribution of 
peanuts using an in vitro digestion experiment, where peanuts inside a test tube were 
compressed and mixed with gastric juice using the upward and downward motions of a 
spherical Teflon probe. They also calculated the mixing flow-field inside the test tube using 
CFD. Another researcher focused on the mechanical force applied to solid foods (Kong and 
Singh, 2008b; Kong and Singh, 2009). Kong and Singh (2009) conducted a solid food 
(almonds, carrots, ham, fried dough, beef jerky, and peanuts) digestion experiment inside a 
vessel filled with gastric juice and plastic beads. They measured the change of solid food 
hardness during their experiment (the solid foods inside the vessel physically collided with 
plastic beads when mixed). Recently, IFR also investigated the breakdown of solid food (agar 
gel) using pressure generated by a piston and a membrane using DGM (Fig. 1.5c) (Vardakou 
et al., 2011). Since physical load applied to solid foods is actually generated by the motion of 
gastric peristalsis, a Human Gastric Simulator (HGS) that simulates gastric peristalsis was 
developed at University of California, Davis (US; Fig. 1.5d; Kong and Singh, 2010). HGS has 
been recently utilized at Massey University (New Zealand; Guo et al., 2014). HGS has four 
rollers squeeze the flexible wall so that the contents are mixed and compressed, as in the 
actual stomach.  
The in vitro digestion studies are summarized in Table 1.3. Gastric digestion can be 
divided into chemical and physical digestion, as mentioned in section 1.3. Overall, chemical 
digestion has been simulated well in vitro with the development of many systems and devices. 
However, physical digestion has not been studied sufficiently. Although some studies have 
attempted to simulate hydrodynamic mixing conditions using in vitro digestion devices, there 
are few systems or devices by which we can analyze the breakdown of solid foods, due 
partially to the lack of simulations of gastric peristalsis in vitro. Thus, clarification of food 
digestion, especially solid foods, remains inadequate. We assume that gastric peristalsis is a 
key to clarifying gastric digestion. Thus, HGS, which simulates peristalsis, is an interesting 
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example (Kong et al., 2010). We also assume that the direct observation of gastric digestion is 
another advantage of in vitro devices, since we cannot observe digestion inside the stomach in 
vivo. However, direct monitoring of digestion using HGS is difficult. For example, direct 
observation of the real time change of food state during digestion can give us additional hints 
to regulate the digestibility of foods in the stomach. 
 
1.5 Objective and constitutions of this thesis 
1.5.1 Objective 
Though gastric digestion is generally understood, the details remain unclear. For 
example, physical digestion induced by gastric peristalsis has not been clarified. From the 
viewpoint of basic study, we still do not know how strong mixing occurs inside the stomach 
(e.g., whether hydrodynamic shear force or mechanical compression force is dominant in the 
breakdown of solid foods, as mentioned at the end of section 1.3.3.2). From the viewpoint of 
applied study, there are few in vitro digestion devices by which we can analyze solid food 
digestion, because of the insufficiency of most in vitro gastric devices for investigating 
peristalsis (as discussed at the end of section 1.4.2). In addition, when analyzing the 
development of an in vitro gastric digestion system, simplicity and cost must be considered, 
especially for food design, since the unit price of food is much lower than that of drugs. Thus, 
it is also important to simplify in silico and in vitro gastric models to extract the dominant 
phenomena of gastric digestion. 
The main objective of this thesis is quantitative analysis of digestion in the human 
stomach, using simplified model systems considering gastric peristalsis. We have developed 
several gastric model systems to clarify food digestion. Results and discussions obtained in 
this study are summarized in this thesis. 
 
1.5.2 Constitutions of this thesis 
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The constitution of this PhD thesis is presented in Fig. 1.6. The final goal of this thesis 
is to develop an in vitro gastric digestion device that simulates gastric peristalsis so that we 
can analyze solid food digestion. To achieve this goal, the thesis is divided into the following 
two approaches. 
1. Fundamental study: Analysis of intragastric flow phenomena induced by peristalsis 
(Chapters 2 and 3) 
2. Applied study: Development of in vitro gastric model for the analysis tool of solid 
food digestion (Chapter 4) 
In Chapter 2, we analyzed intragastric flow in single-phase using simplified numerical 
methods to gain insight into the hydrodynamic effects induced by peristalsis. In anticipation 
of developing an in vitro digestion device, we also discussed whether intragastric flow can be 
simulated even if the stomach structure is simplified. 
In Chapter 3, we analyzed intragastric flow in single-phase using mainly experimental 
methods to compare the results of numerical and experimental methods. In addition, 
two-phase flow was analyzed experimentally considering more realistic stomach conditions. 
This chapter provides information about whether we can experimentally reproduce gastric 
peristalsis and intragastric flow to develop an in vitro gastric digestion device. 
In Chapter 4, we developed an in vitro gastric digestion device for analyzing solid food 
digestion. We directly observed solid food digestion using this device, measured the size 
distribution change of solid foods, and discussed the role of peristalsis. 
Finally, all results obtained in the above chapters are summarized and perspectives     
are described in Chapter 5.


































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Fig. 1.5. Schematic images and photographs of in vitro digestion systems or devices: a Gastric 
and duodenum model (Mainville et al., 2005) (Figure was made in reference to Guerra et al., 
2012); b TNO Gastrointestinal Model-1 (TIM-1) (Minekus et al., 1995) (Figures are 
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Chapter 2. Numerical analysis of intragastric flow 
phenomena using an antrum model 
The contents of this chapter have been published in following paper with partial 
modification: Kozu, H., Kobayashi, I., Nakajima, M., Uemura, K., Sato, S., Ichikawa, S., 
(2010). Analysis of flow phenomena in gastric contents induced by human gastric peristalsis 
using CFD. Food. Biophys., 5, 330-336. 
 
2.1 Introduction 
In this chapter, intragastric flow phenomena were numerically analyzed using simplified 
human gastric model to gain first insights for developing in vitro gastric digestion device.. 
As shown in Chapter 1 section 1.5.1, preparing simplified human gastric model is 
important in the case aiming at developing conventional and low cost device for food industry. 
In addition, the device that is able to analyze solid food digestion is needed because there is 
few such in vitro gastric digestion devices described as Table 1.3.  
The food digestion mainly occurs in the antrum (the distal stomach: Fig. 1.2) which is 
considered to act as a grinder and mixer of swallowed foods and a pump for gastric emptying 
(Kong and Singh 2008a). Gastric peristalsis is generated by ACWs which is a wave 
progressing along the gastric wall, occurring mainly in the antrum (Fig. 1.3). The gastric 
peristalsis plays an important role in solid food digestion: break down solid particles and 
mixing gastric contents (Kong and Singh 2008a). For this reason, simplifying the antrum 
including gastric peristalsis is necessary to achieve our goal.  
Since the mixing of gastric contents is a hydrodynamic phenomenon, intragastric flow 
have been calculated by some numerical methods. For example, Pal et al., (2004) calculates 
intragastric flow using 2D structure of human stomach. Thus, it is the first approach to 
compare the calculated intragastric flow between these studies and the results using simplified 
antrum model. In addition, the effects of hydrodynamic parameters on intragastric flow are 
still not clear: especially the effects of fluid viscosity. Recently, Ferrua and Singh, (2010) have 
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calculated intragastric flow with viscosities of 1 and 1,000 mPa s. Investigating the effects of 
intermediate viscosities between these two values is also important to fundamentally 
understand the intragastric flow phenomena. 
Thus, the aim of this chapter is to numerically analyze the intragastric flow phenomena 
using simplified gastric model. We calculated intragastric flow-field induced by gastric 
peristalsis with different fluid viscosities, comparing the results to other numerical studies. To 
gain insights on mixing effects of gastric peristalsis, we also conducted a mass-transfer 
simulation using pepsin as a typical gastric digestive enzyme. Finally, the shear rate was 
estimated based on the calculated flow-field and the shear force on food in gastric digestion 
was discussed. 
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2.2 Materials and methods 
2.2.1 Basic equations 
The CFD software package CFD-ACE+ version 2008 (ESI Group, France) was used in 
this chapter. This software adopts a finite-volume method that was used to solve the 











                     (2.1) 
　0 u

                                (2.2) 
Here, vector u is the flow-field,  is the fluid density at a constant value,  is the fluid 
viscosity, P is the fluid pressure, and vector f is the gravity term. Mass transfer of a gastric 
digestion enzyme (pepsin) induced by peristaltic flow was also calculated using the 











                  (2.3) 
where Cpep and Dpep are the concentration and diffusion coefficient of pepsin, respectively.  
 
2.2.2 Computational domain modeling gastric antrum 
Figure 2.1a illustrates the image of human stomach and peristalsis. The antrum structure 
was simplified to two dimensions in order to reduce the high complexity of full 
three-dimensional geometry: this simplified structure of gastric antrum is defined as “antrum 
model” in this chapter. Figure 2.1b presents the computational domain and computational grid 
of antrum model. The grid was made finer in the tapered part. The total number of grid cells 
was set to 12,512. The curved lines of the tapered wall were defined using a circle equation. 
The angle between a horizontal line and the central line of the computational domain was set 
to 45
o
. The boundary condition of the bottom wall was set as an outlet to calculate the 
pressure field in an open system. Since the pylorus opening corresponding to gastric emptying 
is not considered here, boundary condition of the top wall was set as a wall condition: Pal et 
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al., (2004) mentioned that intragastric flow could not be affected by the movement, opening, 
or closure of the pylorus (as mentioned in Chapter 1 section 1.4.1).
 
Wall deformation by 


















atxACW            (2.4) 
, where a is an amplitude factor that takes a value greater than 0, D(x) is the diameter of the 
antrum model is the error factor, s is the wave width, UACW is the velocity of ACW, lx is the 
range of walls deformed by ACWs, and mx is the natural number for regulating the shape of 
antral contraction wave along x-axis (-). Contraction wave amplitude is expressed as a(D(x)/2). 
Equation 2.4 is a function modeling one-path ACWs. To consider the ACWs cycle, the 
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(2.5) 
, where TACW is the ACWs cycle, i is the index of each phase, and N is the total number of 
ACWs. 
 
2.2.3 Calculation conditions and procedure 
2.2.3.1 Flow-field analysis 
The values of the density and viscosity of the model gastric contents were used in the 
calculations. We prepared a simulated gastric fluid (SGF; NaCl 0.2 wt% + HCl 0.1 M) and 
model gastric contents consisting of the SGF and a yogurt as a low viscous liquid food model. 
To determine the effect of more viscous liquid food, starch syrup with different concentration 
was also prepared. Their physical properties are listed in Table 2.1. Density and Viscosity 
were measured using a density meter (DA-130 N, KEN Kyoto Electronics Manufacturing Co., 
Ltd., Kyoto, Japan) and a Vibroviscometer (SV-10, A&D Company Ltd., Tokyo, Japan), 
respectively. A no-slip boundary condition was applied to all of the walls; the velocity near 
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the walls was set to 0 mm/s. The values of w, UACW, and TACW in Eq. 2.5 were set to 18 mm, 
2.5 mm/s, and 20 s, considering the standard values for human ACWs (Pal et al., 2004; Ferrua 
and Singh, 2010). The value of lx was set to 100 mm so that ACWs generate only on the 
tapered walls in Fig. 2.1b. The values of , a, and mx were set to 0.01, 0.8, and 10. The total 
number of ACWs (N) was set to 10. As an initial condition, a static flow-field was set in all 
regions. The gravitational acceleration was set to 9.8 m/s
2
. 
The time-differential term in Eq. 2.1 was approximated by forward differences with the 
dt set to 10
-3
 s. A first-order upwind scheme was applied to solve the convection term in Eq. 
2.1. A second-order central scheme was applied to the other terms in Eqs. 2.1 and 2.2. 
Equations 2.1 to 2.3 were solved at each time step with a maximum of 35 iterations using the 
SIMPLEC method (van Doormal and Raithby 1984). 
 
2.2.3.2 Mass-transfer calculation 
The physical properties of the model gastric contents (Table 2.1) were applied in the 
calculations. The values of the input parameters in Eqs. 2.1 and 2.2 were the same as those for 
the flow-field calculations. A no-slip boundary condition was applied to all of the walls. 
Pepsin was chosen as the digestion enzyme in the mass-transfer calculations. The diffusion 
coefficient of pepsin (Dpep) was calculated according to Young et al., (1980) and obtained 




/s was applied to Eq. 2.3. The pepsin concentration on the tapered walls 
was set to a constant value of 50 M in all calculations modeling pepsin secretion from the 
gastric walls. This value was applied as a typical concentration of a digestive enzyme on the 
gastric wall. The initial pepsin concentration inside the computational domain was set to 0 M. 
Mass-transfer phenomena in the model gastric contents were calculated using the 
above-mentioned conditions. A third-order upwind scheme was applied to solve the 
convection term in Eq. 2.3, since it is necessary to prevent numerical diffusion of the 
concentration distribution (Ferziger and Peric 1996). The time-differential term in Eq. 2.3 was 
approximated by forward differences with the dt set to 10
-3
 s, and a second-order central 
scheme was applied to the other terms. Equations 2.1 to 2.3 were solved at each time step 
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with a maximum of 35 iterations using the SIMPLEC method (van Doormal and Raithby 
1984). 
 
2.3 Results and discussions 
2.3.1 Calculation of flow-field induced by gastric peristalsis 
2.3.1.1 Flow-field analysis 
Figure 2.2 presents the results of the flow-field using antrum model in the case of model 
gastric content of SY50. Each arrow denotes a velocity vector. ACWs generated at the bottom 
of the tapered walls progressed along them, finally disappearing near the antrum outlet (Eq. 
2.5). The flow of the gastric content with a static initial condition was accelerated in the 
occluded part by wall deformation, making the gastric content flow toward the antrum inlet. 
The velocity-vector profile was symmetrical at the center line of the antrum, indicating almost 
no gravity effect. 
Two flow patterns were observed in and near the region occluded by ACWs, a 
retropulsive flow in the occluded region and an eddy flow in the opposite direction of the 
ACWs. The retropulsive flow near the middle of the occluded region reached its highest 
velocity at 12 mm/s (Figs. 2.2b, 2.2c, and 2.3b). The flow-field had relatively high velocity 
values only in and near the occluded region. The preceding results suggest that gastric flow 
induced by peristalsis is a dynamic phenomenon, especially in the region where the gastric 
wall is contracted by ACWs. The flow-velocity and flow-pattern profiles obtained here are 
similar to those in the previous study using the whole stomach structure (Pal et al., 2004). 
This indicates that intragastric flow can be simulated even if the antrum structure is 
simplified.  
 
2.3.1.2 Effect of the viscosity of the gastric contents 
We also carried out flow-field calculations using the model gastric contents with 
various viscosities (Table 2.1). When gastric fluids with a viscosity lower than 1 mPa s were 
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applied, the flow-field profile was asymmetrical about the center line of the antrum, which is 
attributable to the gravity effect (data not shown). Figure 2.3 presents the velocity profile at 
the center axis of the antrum at the time (t) of 20.0 s (Fig. 2.2b). The flow velocity in the 
occluded region (35 < x < 40 mm) was almost independent of the viscosity of the model 
gastric contents, with the maximum velocity ranging between 11 and 12 mm/s. In contrast, the 
flow velocity opposite to the ACWs decreased remarkably with increasing fluid viscosity (Fig. 
2.2b; x > 40 mm). We also conducted the flow-field calculation using more viscous model 
gastric contents with viscosity of 10 to 1000 mPa s. However, their velocity distribution was 
almost similar to the result for SY50 (see Fig. 2.3b (e), (f), (g)). The results obtained in this 
chapter demonstrate that the flow-field induced by gastric peristalsis changes most strongly 
when viscosities are low (< 10 mPa s). 




Re                                  (2.6) 
, where  is the fluid density, is the fluid viscosity, L is the characteristic length, and U is the 
characteristic flow velocity. The maximum diameter of the computational domain (30 mm) 
was used as L. U was set to 10 mm/s which is the typical maximum flow velocity. The 
estimated Re, which ranged from 0.1 to 700, increased with increasing fluid viscosity. Thus, 
the gastric flow induced by ACWs is assumed to be laminar. 
 
2.3.2 Mass-transfer calculation of gastric digestive enzyme 
To gain insights on mixing effects of gastric peristalsis, the mass transfer of pepsin 
induced by gastric peristalsis was calculated to analyze the mixing characteristics of pepsin 
with gastric contents. The time course of the pepsin concentration profile inside the modelled 
antrum is depicted in Fig. 2.4. Pepsin, which was initially located on the gastric wall, 
gradually moved toward the inside of the antrum during ten cycles of ACWs (200 s). The 
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mass-transfer calculations applied in this chapter are based on Eq. 2.3, which considers 
convection and mass-diffusion effects. Thus, the Peclet number (Pe) was used to investigate 
the factor dominating the mass transfer of pepsin. Pe, defined as the ratio of the Schmidt 
number (Sc) to Re, compares the time scale between convection and mass diffusion. Pe can be 
estimated as follows: 
pepD
UL
ReScPe                            (2.7). 
Here, U is the characteristic flow velocity, and L is the characteristic length. The same 





/s (Young et al., 1980). The estimated Pe of 3.4 x 10
6
 indicates that the convection 
effect caused by gastric peristalsis is dominant. 
The concentration distribution of pepsin was not uniform irrespective of the fluid 
viscosity (Figs. 2.4b and 2.4c). Pepsin was supplied inward the antrum model, especially in 
the occluded region. Pepsin located near the tip of the ACWs rapidly transferred toward the 
opposite direction of the ACWs. This mass-transfer phenomenon near the occluded region 
may be caused by retropulsive flow in the occluded region. The flow-field obtained in this 
chapter depended on the viscosity of the model gastric contents. We consider that the 
asymmetrical concentration distribution of pepsin for a model gastric content of low viscosity 
(Fig. 2.4b) is attributable to an asymmetrical flow-field profile caused by gravity. In addition, 
a flow-field induced by ACWs may enhance the supply of pepsin secreted from the gastric 
wall, independent of the physical properties of the model gastric contents. The results 
obtained in this section suggest that human gastric peristalsis can efficiently mix a digestive 
enzyme secreted from gastric walls with gastric contents, promoting food digestion. The time 
scale of pepsin supply from gastric walls was in the orders of 1 minute in this calculation. On 
the other hands, Marciani et al., (2001a) reported that the time scale of the dilution of meals in 
stomach was in the order of 10 minutes. Comparing the time scale, the rate-limiting step of 
food digestion in the stomach would not be the supply of digestive enzymes from the gastric 
walls to the gastric fluid, but the penetration and reaction of enzymes in food bolus. 




2.3.3 Analysis of shear force induced by peristaltic flow 
It is generally said that gastric peristalsis has the function of break down solid food 
particles. To determine the hydrodynamic shear force derived from gastric flow, the shear rate, 











                                 (2.8) 
, where u (v) is the x (y) component of the flow-velocity vector. Since the force direction is 
not considered here, the shear rate was estimated as an absolute value ||. The flow velocity 
vectors obtained in the flow-field calculations at t of 20.0 s were input into Eq. 2.8. 
Figure 2.5 illustrates the shear rate profile of model gastric contents (SY17 and SY50) 
in the antrum model. The shear rate reached its maximum in the occluded region irrespective 
of the fluid viscosity. These high shear rate peaks are considered to be derived from the high 
velocity gradient in the occluded region. When model gastric contents of low viscosity were 
applied, the shear rate peaks were observed opposite to the direction of the ACWs (X < 60 
mm) because of the high fluidity. Details of the shear rate distribution were analyzed using the 
projection views presented in Fig. 2.5. A bimodal shear rate distribution was observed in the 
projection view on the Y- plane (Fig. 2.6a). The shear rate value at Y = 0 mm was close to 0, 
indicating that the shear force was quite low at the center of the occluded region. The 
projection view on the X- plane (Fig. 2.6b) reveals that a relatively high peak was located in 
the local region (60 < X < 80 mm). 
The shear rate profile depended hardly on the viscosity of the model gastric contents 
applied in this chapter, and the maximum shear rate was approximately 20 s
-1
. The shear rate 







. The shear rate of gastric fluids in the antrum is thus assumed to not be 
high enough to break down solid foods.   




The flow-field induced by gastric peristalsis was successfully calculated using an 
antrum model: the two-dimensional computational domain modeling the antrum structure. 
The two flow patterns were obtained in the case of using this model: retropulsive flow against 
the progressing direction of ACWs, and the eddy flow around the waves. These flow patterns 
are also obtained in all other intragastric flow studies using single phase (Pal et al., 2004; 
Ferrua and Singh, 2010; Imai et al., 2013). In addition, the maximum velocity (approximately 
10 mm/s) obtained by our antrum model corresponds the value reported in Pal et al., (2004) 
using the whole structure of stomach: the reported maximum value is 7.4 mm/s. Though the 
flow patterns are also the same as the results of Ferrua and Singh, (2010), and Imai et al., 
(2013), the maximum flow velocity of these literatures is somewhat higher than that of ours 
(see Chapter 1 Table 1.2). This can be derived from the difference of dimensions: the former 
is 2D, on the other hands the latter is 3D. However, the calculated maximum velocity in all 
studies is in the orders of 10 mm/s including our results, which means that we could reappear 
gastric peristalsis and intragastric flow even if the structure of gastric antrum is simplified.  
The results of Reynolds number and Peclet number indicate that gastric peristalsis 
generates laminar flow, promoting enzyme reaction in the human stomach. We also 
investigate the effects of fluid viscosity on intragastric flow. As a result, it is indicated that the 
flow-field induced by gastric peristalsis changes only when viscosities are low (< 10 mPa s), 
and hardly changes in more viscous conditions. The actual viscosity of gastric contents is 
generally adverb 10 mPa s as described in Chapter 1 section 1.3.2. Thus, intragastric flow in 
actual human stomach might be stable against the viscosity. 
The maximum shear rate in the antrum model was approximately 20 s
-1
. This value is 
too low to break down solid foods as mentioned in the end of section 2.3.3. However, it is 
necessary to note that the shear rate obtained in this chapter was estimated based on the flow 
system of only one phase. Abrahamsson et al., (2005) reported that the maximum shear rate 




. The shear force in the actual antrum 
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might be higher than that calculated in this chapter, due to the high complexity of gastric 
contents containing solid food particles. 
In conclusion, the results obtained in this chapter provide us first insights for developing 
in vitro gastric digestion device. However, there are restrictions for this numerical calculation: 
for instance, the complex flow in solid liquid multiphase. Thus, it is necessary to analyze 
intragastric flow experimentally as the next step of this thesis. 
  







Table 2.1 Physical properties of model gastric contents used in this chapter. 
  
No. Model gastric contents Density (kg/m3) Viscosity (mPa s)
SY0 SGF 989 0.73
SY17 SGF + Yogurt (17% (v/v)) 989 1.0
SY33 SGF + Yogurt (33% (v/v)) 1010 1.9
SY50 SGF + Yogurt (50% (v/v)) 1016 3.8
SS12 Starch syrup (12% (v/v)) 1186 12.3
SS19 Starch syrup (19% (v/v)) 1291 147
SS25 Starch syrup (25% (v/v)) 1379 4760




Fig. 2.1. a The image of human stomach: the shape, each part and peristalsis. b 





















Fig. 2.2. Time course of the visualized flow-field of model gastric content (SY50) induced by 
ACWs. The tail length and head size of the vectors are uniform throughout the computational 
domain.  
a  t = 5 s
b  t = 20 s












Fig. 2.3. a Schematic diagram of antrum model partly deformed by ACWs (t = 20 s). ACWs 
progresses toward the left. b Velocity profile at the center axis designated in Fig. 2.3a. The 
x-component of the velocity vector becomes positive when the flow direction is from left to 
right. (a) Model gastric contents: SY0. (b) SY17. (c) SY33. (d) SY50. (e) SS12. (f) SS19. (g) 























Progressing direction of ACW




Fig. 2.4. Time course of the concentration distribution of pepsin in the antrum model. The 
model gastric contents used are SY0 in b and SY50 in c. ACWs progresses from lower right 
to upper left.  





b1  t = 17.5 s
b2 t = 97.5 s
b3  t = 197 s
c1  t = 17.5 s
c2 t = 97.5 s
c3  t = 197 s
ACW




Fig. 2.5. Estimated shear rate profiles of model gastric contents. The antrum model was partly 






































Fig. 2.6. a Projection of Y-|| plane in Fig. 4b. b Projection of X-|| plane in Fig. 4b. The shear 























Chapter 3. Experimental analysis of intragastric flow 
44 
 
Chapter 3. Experimental analysis of intragastric flow 
phenomena using a gastric flow simulator 
The contents of this chapter have been published in following paper with partial 
modification: Kozu, H., Kobayashi, I., Marcos, A.N., Nakajima, M., Uemura, K., Sato, S., 
Ichikawa, S., (2014). PIV and CFD studies on analyzing intragastric flow phenomena induced 
by peristalsis using a human gastric flow simulator. Food Funct., 5, 1839-1847. 
 
3.1 Introduction 
In this chapter, intragastric flow phenomena were analyzed mainly by experimental 
approach for developing in vitro gastric device equipped with peristalsis.  
We successfully simplified human stomach using in silico model, “antrum model”, in 
Chapter 2. Thus, the next step for developing in vitro gastric digestion device is to fabricate 
the device which can simulate gastric peristalsis and intragastric flow experimentally. It must 
be necessary to simply design gastric device based on the structure of gastric antrum, to 
compare results with that of numerical model. 
Until now, intragastric flow induced by peristalsis has hardly been studied 
experimentally. Although Ferrua and Singh, (2010) has experimentally analyzed intragastric 
flow in single-phase, viscosity rage of 1-18 mPa s is not enough. Analyzing intragastric flow 
in liquid-solid contents is also important to understand solid food digestion. Recently, 
intragastric flow in two-phase has been numerically analyzed by Xue et al., (2012): they 
prepared virtual gastric contents consists of liquid and solid particles, calculating intragastric 
flow in the macroscopic view. However, flow-field in the microscopic view remains unclear. 
As discussed in the end of previous chapter (Chapter 2 section 2.4), hydrodynamic 
phenomena can change around the surface of solid contents compared to that of liquid phase: 
for example the shear force on the solid particle surface might be higher than that of liquid 
phase. If we use in vitro gastric device simulating peristalsis, it will be possible to measure 
such multiphase flow experimentally. 
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Thus, the aim of this chapter is to analyze the intragastric flow phenomena using 
experimental gastric device which simulates peristalsis. To experimentally simulate and 
observe intragastric flow, we developed an in vitro device, the simplified gastric flow 
simulator (GFS). Similarly to antrum model in Chapter 2, this GFS is developed based on the 
gastric antrum, and it is able to simulate gastric peristalsis. GFS consists of parallel 
transparent walls on one plane for the observation and rubber sidewalls on another plane for 
simulating ACW. In addition to investigating intragastric flow in single-phase (model liquid 
gastric contents), we experimentally measured the flow-field of liquid and liquid-solid gastric 
contents using particle image velocimetry (PIV). The effects of fluid viscosity and ACW 
speeds (UACW) on flow-field were also investigated. The shear rate induced by peristalsis was 
estimated based on the flow-field obtained from PIV measurement: the shear rate profile on 
both liquid phase and solid surface was analyzed. To compare experimental results with those 
of numerical, CFD calculation applying the same flow conditions as those used for PIV was 
also conducted. 
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3.2 Materials and methods 
3.2.1 Materials and fluid properties 
Starch syrup (B-75) was purchased from Kato Kagaku Co., Ltd. (Mihama, Japan). 
Starch syrup dissolved in Milli-Q water, which is Newtonian fluid (Iwata et al., 2007), was 
used as model model liquid gastric contents: Milli-Q water (pH 5.8), Starch syrup (36% (v/v)) 
(pH3.6), Starch syrup (56% (v/v)) (pH3.3). The physical properties of each model model 
liquid gastric contents are listed in Table 3.1. Density was measured using a density meter 
(DA-130 N, KEN Kyoto Electronics Manufacturing Co., Ltd., Kyoto, Japan), and viscosity 
was measured using a Vibroviscometer (SV-10, A&D Co., Ltd., Tokyo, Japan). Plastic beads 
made of urea formaldehyde resin were purchased at a local market, to be used as model solid 
food particles. Considering the normal size of food particles inside the stomach, 3 mm 
spherical plastic beads were selected (Jalabert-Malbos et al., 2007). The concentration of 
plastic beads used was less than 25% (v/v). The composition of liquid and liquid-solid gastric 
contents is presented in Table 3.1. 
Nylon particles with a diameter of 30 m and a density of 1030 kg/m3 were used as 
tracer particles. It is important to determine whether the tracer particles follow the flow-field 
generated by ACWs in GFS. The Stokes number St (-), defined as the ratio of response time of 









                                 (3.1) 
, where p and dp are density (kg/m
3
) and diameter (m) of tracer particles, respectively. U is 
the characteristic flow velocity (m/s),  is the fluid viscosity (Pa s), and L is the characteristic 
length (m) (Crowe et al., 1998). U was set to 10 mm/s，which is the maximum flow velocity 
in the gastric flow calculated in Chapter 2.  was set to 0.91 mPa s as the minimum viscosity 
of model liquid gastric contents applied in this study. The characteristic length (30 mm) was 
based on the diameter of antrum model described in Chapter 2. The estimated maximum St 
was on the order of 10
-5
, indicating that the tracer particles applied in this study follow the 
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fluid motion reasonably well. 
 
3.2.2 PIV measurement 
3.2.2.1 Gastric flow simulator 
Figure 3.1a presents a three-dimensional drawing of the GFS developed for this study. 
The deformable rubber walls on the top and bottom of the GFS simulate gastric walls. Other 
walls made of transparent material (poly methyl methacrylate (PMMA)) were designed for 
easily observing the motion of gastric contents. Peristaltic motion simulating ACWs was 
generated by pushing plastic rollers (30-mm diameter x 20-mm width) on the rubber walls 
and then moving them towards the outlet that simulates the pylorus, represented by the 
30-mm x 15-mm section on the right-hand side of Fig. 3.1a. The minimum clearance of the 
region occluded by the deformed rubber walls was set to 3.0 mm. The UACW can be controlled 
by the rotation of the motor connected to two rollers. The outlet of the GFS was closed during 
the experiments. The inlet hole of the GFS (see Fig. 3.1a) was connected to a plastic tube 
open to the air. A portion of the gastric contents in the GFS can move smoothly in the tube 
when ACWs are generated on the rubber walls. Prior to each measurement, the GFS was 
filled with model liquid contents (Fig. 3.1c, left) or model liquid-solid contents (Fig. 3.1c, 
right). The volume ratio of model solid food particles for model liquid-solid gastric contents 
was varied from 5% to 25%. During the experiments, ACWs moved toward the outlet at the 
UACW of 1.25, 2.5, or 5.0 mm/s. The standard UACW value for human ACWs was reported to 
be 2.5 mm/s (Pal et al., 2004). 
 
3.2.2.2 Visualization system 
The visualization system used in this study is illustrated in Fig. 3.1b. Tracer particles 
(nylon particles) were seeded into the liquid phase at a concentration of 0.009 wt% for 
Milli-Q water or 0.03 wt% for starch syrups. Light was irradiated from a PMMA window 
close to the GFS inlet. A white light was used to illuminate the tracer particles for 
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single-phase flow analysis. A diode-pumped solid-state (DPSS) laser with a wavelength of 
532 nm (M Square Co., Ltd., Fukuoka, Japan) was used to illuminate tracer particles and 
model solid food particles in two-phase flow analysis. This laser source can irradiate a light 
sheet with a depth of 1.0 mm, allowing detailed analysis of the flow-field around model solid 
food particles. The side-way scattered light of tracer particles illuminated by white light or 
green laser were visualized using a high-speed video camera (FASTCAM SA 1.1, Photron Co., 
Ltd., Tokyo, Japan) with a maximum frame rate of 250 fps, and their images were recorded in 
a computer. The video camera was focused on the search plane indicated by the dotted line in 
Fig. 3.1b, and tracer particles that were out of focus were removed by image processing to 
obtain two-dimensional images of tracer particles on the search plane. 
 
3.2.2.3 Data analysis 
PIV image processing was performed using a direct cross-correlation algorithm. The 
recorded images containing tracer particles had a resolution of 1,010 x 506 pixels for 
single-phase flow analysis or 986 x 746 pixels for two-phase flow analysis. The size of the 
interrogation area (IA) was set to 24 x 24 pixels with an overlap sampling rate of 50% for 
flow measurement in the liquid contents system (single-phase). The IA size was set to 40 x 40 
pixels for flow measurement in the liquid-solid contents system (two-phase), since the set 
magnification of the video camera in this case exceeded that for the single-phase flow. The 
number of tracer particles in each IA ranged from 2 to 5. The size of the search region was set 
to ±13 pixels for all PIV measurements. The flow velocity vectors obtained by direct 
cross-correlation were post-processed using a local median filter to detect spurious vectors 
(Westerweel et al., 1994). The absolute value of the shear rate (||) induced by peristalsis was 











                               (3.2) 
, where u and v are x and y components of the flow velocity vector. The shear rate distribution 
was estimated based on the gradient of the flow velocity vectors. The second-order central 
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difference based on the eight neighboring vectors of the local point was applied to estimate 
differential values in Eq. 3.2. Finally, the hydrodynamic shear stress () was estimated by 
following Eq. 3.3:  
　                                  (3.3) 
, where  is the fluid viscosity. 
 
3.2.3 CFD Simulations 
In this chapter, a numerical approach, Computational Fluid Dynamics (CFD), was also 
conducted to validate the results of flow-filed obtained in PIV measurement. A CFD software 
package (CFD-ACE+ version 2008, ESI Group, Paris, France) was used for calculating the 
single-phase flow in the GFS. The flow-field was calculated based on a finite volume method 
that solves the Navier-Stokes equation for incompressible fluids (Eq. 3.4) and the continuity 











                     (3.4) 
　0 u

                                (3.5) 
, where u

 is the flow-field,  is the fluid density at a constant value,  is the fluid viscosity, 
P is the fluid pressure, and f

is the gravity term. We created a three-dimensional 
computational domain that is similar to the GFS used for PIV measurement. A total of 80,784 
grid cells were created. The minimum gap of the region occluded by ACWs was set to 3.0 mm 
similarly to GFS. The boundary condition of the 4.0 x 4.0 mm inlet hole of the GFS was set as 
an outlet condition. All the other boundaries were set as a no-slip wall condition (i.e., the flow 
velocity near all walls was set to 0 mm/s). Since the gravity force is applied downward the 
Y-axis in Fig. 3.1a in the actual experiment, we considered the gravity term also in CFD to 
calculate with the same flow condition as PIV experiment. The gravitational acceleration 
downward the Y-axis was set to 9.8 m/s
2
. The time-differential term in Eq. 3.4 was 
approximated by forward differences with the dt set to 10
-2
 s. A first-order upwind scheme 
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was applied to solve the convection term in Eq. 3.4. A second-order central scheme was 
applied to the other terms in Eqs. 3.4 and 3.5. All equations were solved at each time step with 
a maximum of 20 iterations using the SIMPLE-Consistent (SIMPLEC) method (van Doormal 
and Raithby 1984). The physical properties of model liquid gastric contents presented in Table 
3.1 were applied in the CFD calculations.  
To simulate ACWs in CFD, the equation of ACWs (ACW(x, y, t)) was defined based on 


















AtyxACW           (3.6) 
,where A is an amplitude of ACWs,is the error factor, s is the wave width, and UACW is the 
velocity of ACW. The parameters lx and ly are the generation range of ACW along x-axis and 
y-axis, respectively. The natural numbers mx and my is used for regulating the shape of antral 
contraction wave along x-axis and y-axis, respectively. The amplitude A was set to 6.0 mm so 
that the minimum clearance of GFS is 3.0 mm when ACWs is generated. Since the wave 
width of ACWs in PIV measurement is 60 mm, the parameter of wave width s was also set to 
60 mm. The rage where ACWs is generated was 114 mm x 30 mm (Fig. 3.1a: gray plane), 
corresponding (lx, ly) = (114, 30). The values of , mx, and my were set to 0.01, 5, and 8. The 
UACW set in the calculations was the same as that used for PIV measurement (UACW = 1.25, 
2.5, 5.0 mm/s).  
 
3.3 Results and discussion 
3.3.1 Flow analysis using model liquid gastric contents 
3.3.1.1 Effect of fluid viscosity 
The flow-field in model liquid gastric contents with different viscosities was 
quantitatively measured using GFS (Figs. 3.2a and b). Though some noise vectors close to the 
rubber walls were observed due to the light refraction from rubber walls, the flow velocity of 
most noise vectors was quite low (less than 0.1 mm/s) so that it hardly affect the results of PIV. 
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The UACW was set to 2.5 mm/s. The flow velocity distribution of water measured by PIV is 
presented in Fig. 3.2a (i). The retropulsive flow against the direction of ACWs (i.e., toward 
the pylorus) was observed similar to the result using antrum model (see Chapter 2 Fig. 2.2). 
The flow velocity was greatest in the occluded region where the rubber walls were 
compressed by rollers. The maximum flow velocity was 9.1 mm/s, which was 3.6 times larger 
than the applied UACW. The eddy flow was also observed near the walls behind the ACWs. 
The flow velocity distribution of water calculated by CFD is presented in Fig. 3.2b (i). The 
retropulsive and eddy flows were also observed in this case. A maximum flow velocity of 
10.4 mm/s was obtained in the occluded region. The flow patterns depicted in Fig. 3.2a 
corresponded to the numerical results of intragastric flow using the whole stomach structure 
(Pal et al., 2004; Ferrua and Singh, 2010; Imai et al., 2013), indicating that GFS can 
successfully simulate intragastric flow in the human stomach.  
Fluid viscosity hardly affected the intragastric flow patterns in the applied range of this 
study (1 to 100 mPa s) for both PIV and CFD (Figs. 3.2a and b); the maximum flow velocity 
was 9.0 to 9.2 mm/s for PIV and 8.5 to 10.4 mm/s for CFD in the occluded region. However, 
the tendency was the same between CFD (Fig. 3.2b (ii, iii)) and PIV. Also, these tendency 
obtained by PIV and CFD correspond to that of Chapter 2 section 2.3.1.2. Though the 
intragastric flow-field changes in the case of low viscosities (< 10 mPa s) in the antrum model 
(Chapter 2), there is no change of intragastric flow within the viscosity range of 0.91-149 mPa 
s in the case of PIV measurement using GFS. On the other hands, CFD calculation using GFS 
shows the slight change of intragastric flow-field between 0.91 mPa s and 13.4 mPa s (see Fig. 
3.2b (i) and (ii)). Therefore, intragastric flow in GFS also changes in the low viscous fluid (< 
10 mPa s) even using GFS. In any case, flow velocity orders do not change against the change 
of viscosity, which indicates that the intragastric flow induced by peristalsis is independent of 
the viscosity of model liquid gastric contents and that stable mixing may take place in the 
actual stomach. 
 
3.3.1.2 Effect of ACWs progression speed 
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The flow-fields in water with different UACW values are indicated in Figs. 3.3a (PIV) and 
b (CFD). The flow patterns at UACW of 1.25 and 5.0 mm/s were almost the same as those at 
2.5 mm/s in PIV and CFD. The range at which high flow velocity was observed increased as 
UACW increased. Since flow velocity at UACW of 1.25 mm/s was quite low, a complex flow 
derived from natural convection was observed (left-hand side of Fig. 3.3a (i)). 
Figure 3.4 indicates the effects of fluid viscosity and UACW on maximum flow velocity in 
the occluded region. In all UACW conditions, the maximum flow velocity in water ( = 0.91 
mPa s) was slight higher than that of SS36 and SS56 ( = 13.4 mPa s and  = 149 mPa s, 
respectively). This behavior can be derived from a rapid response to compression in the case 
of water. The compression between ACWs and the pylorus can be one of the driving forces of 
retropulsive flow. The high fluidity of water can transmit this pressure faster than low fluidity 
fluid such as SS36 and SS56 ( = 13.4 mPa s and  = 149 mPa s, respectively), which can 
promote the high flow velocity in case of water.  
There was also a slight difference of maximum flow velocity between PIV and CFD in 
the case of water ( = 0.91 mPa s). This difference is due to the high fluidity of water, so that 
making difficult to control of experimental flow conditions. For instance, in case of UACW = 
1.25 and 2.5 mm/s, the maximum flow velocity obtained in PIV was slightly lower than that 
of CFD. For UACW = 5.0 mm/s, the maximum flow velocity obtained in PIV was higher than 
that of CFD in the condition. On the other hand, for SS36 and SS56, the difference of 
maximum flow velocity between PIV and CFD was narrow, which is due to their lower 
fluidity ( = 13.4 mPa s and 149 mPa s, respectively).  
These results indicate that the maximum flow velocity obtained by PIV corresponded 
well with that of CFD calculation. Also, the correspondence of flow-field between 
experimental and numerical approaches suggests that flow-flied was successfully analyzed in 
each condition. 
The maximum flow velocity was four times higher than the applied speed of ACWs in 
all results. The Reynolds number (Re) was estimated according to Eq. 3.7: 






Re                                  (3.7) 
, where the hydraulic diameter of the occluded region in GFS (5.5 mm) was applied to L as 
the characteristic length. The characteristic flow velocity U was set to the maximum flow 
velocity for each model liquid gastric contents under different UACW values. Re was estimated 
between 0.203 (UACW = 1.25 mm/s, filled with SS56) and 125 (UACW = 5.0 mm/s, filled with 
water). The range of Re orders was the same as Chapter 2 section 2.3.1.2.The maximum Re of 
125 indicated that the flow-field inside GFS was laminar flow. These experimental and 
numerical data strongly suggest that intragastric flow in the actual human stomach is also 
laminar at least for liquid food digestion. Retropulsive flow may contribute to physical 
digestion of food by mildly mixing gastric contents. 
 
3.3.1.3 Shear force analysis in model liquid gastric contents 
Even though the previous chapter shows the numerical shear force induced by peristalsis 
(Chapter 2 Fig. 2.5), there is still no experimental shear force data. Then, the absolute value of 
the shear rate (||) that acts on model liquid gastric contents was estimated using Eq. 3.2 and 
the flow-field data obtained from PIV measurement. A typical example of shear rate 
distribution for water is presented at the top of Fig. 3.5. Bimodal peaks were observed along 
the rubber walls in the occluded region, reaching the maximum shear rate of 16 s
-1
. The shear 
rate distribution was almost the same, regardless of fluid viscosity and other flow conditions 
(data not shown).  
Fig. 3.6 indicates the maximum shear rate and shear stress obtained in the occluded 
region as a function of fluid viscosity and UACW. As shown in Fig. 3.6a, fluid viscosity did not 
affect the maximum shear rate for  = 13.4 and 149 mPa s at UACW of 2.5 and 5.0 mm/s. 
However, the maximum shear rate for  = 0.91 mPa s exceeded that for water containing 
starch syrup by 34%. This tendency was assumed to be derived from the high fluidity of water, 
which induces more drastic variation of flow velocity. For UACW = 1.25 mm/s, the maximum 
shear rate hardly varied within the range of fluid viscosity applied; therefore, it was assumed 
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that the applied UACW was too slow to vary flow velocity, even low fluid viscosity. The 
maximum shear rate also increased with increasing UACW. When the UACW was increased 
two-fold (1.25 to 2.5 mm/s or 2.5 to 5.0 mm/s), the maximum shear rate also increased 
approximately twice. This tendency was similar to the relationship between UACW and 
maximum flow velocity in the occluded region, which showed the dependency of shear rate 
on intragastric flow-field.  
Since all fluids applied in this study were Newtonian (Iwata et al., 2007), all shear 
stresses () were estimated by multiplying the absolute value shear rate (||) by fluid viscosity 
() according to Eq. 3.3 (Fig. 3.6b). In spite of the slight difference of maximum shear rate 
between water and starch syrup solutions (SS36 and SS56), the maximum shear stress 
increased almost linearly with fluid viscosity. This is because the variance of maximum shear 
rate in each condition was enough small than that of applied range of viscosity so that the 
viscosity effects on shear stress was dominant, since the shear stress is the product of 
viscosity and shear rate (see Eq. 3.3). The difference of maximum shear rate was at most 1.5 
times (11 - 17 s
-1
) in the same condition of UACW, whereas applied range of viscosity was 
approximately 150 times (0.91 - 149 mPa s).  
In all shear force analysis using model liquid gastric contents, the shear rate, which is 




, which corresponds to the 
tendency obtained in Chapter 2 section 2.3.3. This maximum value is much lower than that of 






). This result indicates that shear force due to fluid flow 
could be considerably low for break down food particles. 
 
3.3.2 Flow analysis using liquid-solid gastric contents 
3.3.2.1 Measurement of flow-field around model solid food particles using PIV 
Figure 3.7 indicates the flow velocity distribution around the model solid food particles 
(plastic beads) in the occluded region, with the volume ratio of model solid food particles 
below 5%. When ACWs progressed from left to right (toward the pylorus), the model solid 
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food particles moved in the opposite direction against ACWs according to the motion of the 
rubber walls and liquid phase. The direction of velocity vectors dynamically changed near the 
model solid food particles with relatively high flow velocity. The tendency of the flow-field 
was almost the same even if the viscosity of model liquid gastric contents was changed. The 
mobility of the model solid food particles became low when viscous fluid was applied ( = 
13.4, 149 mPa s) because of low fluidity. The maximum flow velocity near the surface of the 
model solid food particles was 12 mm/s in the water flow system, which was similar to that of 
the flow system of  = 13.4 and 149 mPa s, with less than a 10% difference in flow velocity.  
To determine the effect of the amount of model solid food particles on flow velocity, the 
average flow velocity near the model solid food particles was measured by tracking each 
tracer particle within the analyzed region (Fig. 3.8a). The average flow velocity increased to 
the volume ratio of 12.5%, reaching a maximum value of 9.3 mm/s; then the flow velocity 
decreased to a volume ratio exceeding 12.5%. This tendency was assumed to be based on the 
balance between the fluid pressure gradient and the volume ratio of liquid phase. In general, a 
narrower flow pass generates a higher flow velocity at the same fluid pressure. Thus, with a 
volume ratio below 12.5%, an increase in flow velocity can be caused by a decrease in flow 
pass because of increased model solid food particles. However, with a volume ratio above 
12.5%, the volume ratio of liquid phase became insufficient due to the decreased fluid 
pressure gradient, which is the indicator of flow velocity (see Eq. 3.4). This can affect more 
strongly to the decrease of flow velocity compared to the effect of flow pass decrease in the 
condition of volume ratio below 12.5%. 
 
3.3.2.2 Shear force analysis in liquid-solid gastric contents 
The absolute value of the shear rate (||) in liquid-solid gastric contents was estimated 
using Eq. 3.2, and the results of the flow-field are depicted in Fig. 3.7. Figure 3.9 presents the 
intragastric shear rate profile with flow-field information in the occluded region. A high shear 
rate was observed near the rubber walls of GFS, similar to the results for model liquid gastric 
contents. The shear rate was also high for the upper part of the model solid food particles, 
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since the flow velocity gradient was high on their surfaces. The shear rate profile was almost 
independent of fluid viscosity (Fig. 3.9). The maximum shear rate for the top of the model 
solid food particles was on the order of 10 s
-1
. These results indicate that maximum shear 
force induced by gastric peristalsis is low even in the presence of solid foods. 
 
3.3.3 Hydrodynamic effects on solid food digestion induced by gastric 
peristalsis 
Here, the role of gastric peristalsis on solid food digestion is generally discussed. 
Intragastric flow phenomena induced by peristalsis was successfully analyzed. The physical 
digestive effects in the human stomach can be divided into mixing that promotes the chemical 
reaction of gastric juice, and break down that reduces the size of bulk solid foods. Regarding 
the mixing effect, the flow-fields in both liquid and liquid-solid gastric contents obtained in 
Chapter 2 and 3 suggest the possible motion of gastric contents, which may promote mixing 
of gastric juice and foods in gastric digestion. The mixing flow in the stomach is considered to 
be “mild” since the maximum flow velocity was on the order of 1 to 10 mm/s (see Chapter 2 
Fig. 2.3 and Chapter 3 Fig. 3.4). In contrast, the flow velocity of commonly used 
homogenizers is on the order of 10
3
 mm/s. Mild intragastric flow could also cause a locally 
unmixed region where -amylase derived from saliva is still active, due to the insufficient 
decrease of pH, and promotes carbohydrate disintegration. 
However, the shear force obtained in Chapter 2 and 3 was quite low (see Chapter 2 Fig. 
2.4 and Chapter 3 Fig. 3.5). This result indicates that hydrodynamic shear force induced by 
gastric peristalsis might not cause mechanical grinding of bulk foods. Compressive stress in 
the occluded region is assumed to be another force that plays an important role in food 
grinding (Kong and Singh 2008a). This force is derived from mechanical compressive stress 
resulting from contraction of the gastric wall. As described in Chapter 1 section 1.3.3.2, the 
force which is considered to contribute to compress solid foods was reported in several in vivo 
studies, with an estimated range of 5 to 70 kPa (Marciani et al., 2001a; Kamba et al., 2000). 
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Further investigation is needed to clarify the physical digestion effects of this compressive 
stress in the human stomach. 
  




The intragastric flow induced by gastric peristalsis was experimentally analyzed using 
in vitro gastric device: Gastric Flow Simulator (GFS). To simulate gastric peristalsis, GFS is 
developed based on the gastric antrum where peristalsis mainly occurs. There were two flow 
patterns in the intragastric flow: retropulsive flow against the progressing direction of ACWs, 
and the eddy flow around the waves. These flow patterns correspond to the previous 
numerical study on intragastric flow (Pal et al., 2004; Ferrua and Singh, 2010; Imai et al., 
2013). The maximum velocity value was almost same order compared to Pal et al., 2004 
(Chapter 1 Fig. 1.4) and also our numerical result in Chapter 2 Fig. 2.2, which means that 
intragastric flow can be experimentally simulated even if the device structure is simplified.  
Another interesting results in this chapter is flow-field around the solid particles in 
microscopic view, since it is our understanding that until now there is no experimental results 
regard with two-phase intragastric flow as described in Chapter 1 Table 1.2. It was observed 
that the flow-field around the solid particles dynamically changed according to the particle 
motion (Fig. 3.7). The maximum velocity of intragastric flow is in the orders of 10 mm/s in 
both single- and two-phase cases, indicating that gastric peristalsis has the function of mildly 
mixing gastric contents. These results provide us fundamental insights on solid food digestion 
in human stomach. 
The shear rate was also estimated to understand the gastric force on breakdown of solid 





, which is the same order compared to the results presented in Chapter 2 (see Chapter 2 Fig. 
2.5 and Fig. 3.5). The value was too low compared to that of the general homogenizers (the 






). Even in the case of two-phase flow, the maximum value of shear 




. These results indicate that 
hydrodynamic shear force is too low to break down solid food in human stomach. As 
described in Chapter 1 section 1.3.3.2, the other force which breaks down solid foods is 
considered to the compression force derived from the pressure between foods and gastric wall 
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contracted by peristalsis. Since the hydrodynamic shear force acting on solid particles in 
stomach is assumed to too low, this compression force can be dominant factor for break down 
solid foods in the stomach. 
In conclusion, gastric peristalsis and intragastric flow were successfully simulated in 
vitro. Chapter 2 and this chapter provide us some fundamental understanding of 
hydrodynamic phenomena in human stomach. Also, these two chapters give us basic 
knowledge about developing in vitro gastric digestion device to be presented in the next 
chapter. 
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Fig. 3.1. a Three-dimensional schematic diagram of a human Gastric Flow Simulator (GFS). 
b Schematic top view of the GFS system. c Search plane images from the cross-sectional 
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Fig. 3.2. Visualized PIV and CFD results for the flow-field of model liquid gastric contents 
with different viscosities induced by peristalsis at UACW of 2.5 mm/s. a PIV data: i water; ii 















Fig. 3.2. Visualized PIV and CFD results for the flow-field of model liquid gastric contents 
with different viscosities induced by peristalsis at UACW of 2.5 mm/s. b CFD data: i water; ii 
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Fig. 3.3. Visualized PIV and CFD results for the effect of UACW on flow-field of Milli-Q water. 
a PIV data: i UACW = 1.25 mm/s; ii UACW = 2.5 mm/s; iii UACW = 5.0 mm/s. 
 
i UACW = 1.25 mm/s
ii UACW = 2.5 mm/s
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Fig. 3.3. Visualized PIV and CFD results for the effect of UACW on flow-field of Milli-Q water. 
b CFD data: i UACW = 1.25 mm/s; ii UACW = 2.5 mm/s; iii UACW = 5.0 mm/s.  
i UACW = 1.25 mm/s
ii UACW = 2.5 mm/s
iii UACW = 5.0 mm/s

























Fig. 3.4. Effect of the fluid viscosity and UACW on the maximum flow velocity in the occluded 
region obtained by PIV measurement (closed keys) and CFD calculation (open keys). The 

















































Fig. 3.5. Shear rate () distribution (top) and flow-field (bottom) of water in the GFS at UACW 
of 2.5 mm/s. Dotted curves are rubber walls of the GFS. | | denotes the absolute value of the 























Fig. 3.6. Effect of fluid viscosity and UACW on the maximum shear rate a and maximum shear 
stress b acting on model liquid gastric contents. The UACW values applied are 1.25 mm/s 

























































Fig. 3.7. Visualized PIV results for the flow-field around the model solid food particles in the 















Fig. 3.8. Effect of volume rate of the model solid food particles on average flow velocity 
inside the analyzed region. The location and size of the region are depicted in a. The average 
velocities in b were estimated based on the motion of each tracer particle inside the analyzed 
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Fig. 3.9. Shear rate distribution and flow-field around the model solid foods in the GFS.  
White dotted curves denote rubber walls of the GFS. The symbol “| |” denotes the absolute 
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Chapter 4. Development of in vitro gastric digestion 
device: a human gastric digestion simulator 
The contents of this chapter have been published in following paper with partial 
modification: Kozu, H., Nakata, Y., Nakajima, M., Marcos, A.N., Uemura, K., Sato, S., 
Kobayashi, I., Ichikawa, S., (2014). Development of a Human Gastric Digestion Simulator 
Equipped with Peristalsis Function for Direct Observation and Analysis of the Food Digestion 
Process. Food Sci. Technol. Res., 20, 225-233. 
 
4.1 Introduction 
In this chapter, in vitro gastric digestion device equipped with peristalsis was developed 
to analyze the digestion phenomena of solid foods.  
We could experimentally simulate gastric peristalsis and intragastric flow using a 
Gastric Flow Simulator (GFS) in Chapter 3. Based on this model and the computational 
antrum model in Chapter 2, we finally developed an in vitro gastric digestion device which 
can simulate gastric peristalsis mainly aiming at analyzing the physical digestion phenomena 
of solid foods.  
As described in Chapter 1 section 1.4.2 and Table 1.3, there are few in vitro digestion 
systems or devices such that we can analyze break down phenomena of solid foods. Although 
Chapters 2 and 3 indicate that hydrodynamic shear force induced by gastric peristalsis is too 
low to break down solid foods, there is still the possibility that the peristalsis breaks down 
solid foods by mechanical compression as discussed in Chapter 3 section 3.3.3. Therefore, it 
is necessary to actually investigate the digestion phenomena of solid foods in the presence of 
gastric peristalsis. Similarly to our concern, Kong and Singh (2010) have developed an in 
vitro gastric digestion device equipped with peristalsis, analyzing the disintegration of real 
solid foods: cooked rice and apple. However, it is difficult to directly observe the digestion 
process using this device because of the restriction on its structure. Real timely observing the 
digestion process in vitro may give us useful insights on understanding food digestion. 
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 Thus, the aim of this chapter is to develop a novel in vitro gastric digestion device 
which can simulate gastric peristalsis and to assess performance of the device using real solid 
foods. The human Gastric Digestion Simulator (GDS) was the in vitro digestion device we 
developed: the device simulates gastric peristalsis to mainly analyze the physical digestion of 
solid foods. Considering the previous studies, GDS was partially made of transparent material, 
which enables direct observation of the digestion process in real time. Two types of Tofu were 
chosen as typical model solid foods: the effects of mechanical properties of Tofu on digestion 
speed were discussed. The digestion process of Tofu was directly observed using GDS. We 
also conducted the conventional in vitro digestion experiment, flask-shaking experiment, in 
the absence of peristalsis to investigate the effects of gastric peristalsis on solid food digestion. 
The size distribution of Tofu particles after GDS digestion experiment was measured, 
discussing obtained results with the actual digestion in human stomach.  
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4.2 Materials and methods 
4.2.1 Development of GDS 
The GDS (Fig. 4.1) was developed to quantitatively analyze and visualize the 
disintegration of food particles in a human stomach. The GDS consists of a gastric vessel, a 
roller system for inducing peristaltic motion, a temperature control system, and a transparent 
plastic chamber. The gastric vessel that simplifies the distal part of the human stomach, 
known as the antrum, has parallel transparent walls on one plane and rubber sidewalls on 
another plane. This gastric vessel enables directly observing the gastric digestion behavior 
through the transparent walls. The sidewalls are deformable for generating progressing waves 
that model ACWs. The device is equipped with a temperature control system consisting of a 
ribbon heater and a temperature sensor. 
The simplified geometry and dimensions of the gastric vessel are presented in Fig. 4.2a. 
Similarly to the antrum mode in Chapter 2 and GFS in 3, this gastric vessel was designed to 
simulate the antrum, where peristalsis induces motion of gastric contents. The transparent 
planes of the vessel have a trapezoidal shape, as the human antrum has a tapered structure 
with a smaller inner diameter toward the pylorus (see Chapter 1 Fig. 1.2). The vessel has a 
total volume of 550 mL; its dimensions are presented in Fig. 4.2a. 
As depicted in Fig. 4.2b, progressing waves that model ACWs can be generated on the 
sidewalls of the gastric vessel by pushing a pair of rollers onto the deformable walls. Each 
side of the roller system consists of three polyethylene rollers with a diameter of 45mm, two 
timing belts, and a motor. The rollers turned inward, moving down at a constant speed and 
ACWs generation frequency along the vessel’s sidewalls. The rollers’ moving track image is 
denoted as dashed arrows in Fig. 4.2b. The rollers progressed at several millimeters per 
second with a frequency of a few cycles/min, corresponding to human ACWs parameters: the 
detail ACWs speed and cycle were mentioned in Chapter 1 section 1.3.3.1. As the rollers 
progressed downward along the sidewalls, the clearance (distance between rollers) gradually 
decreased, reaching a minimum of 5.4 mm. This value is comparable to in vivo data (Pal et al., 





4.2.2 Measurement of the forces induced by simulated ACWs 
To compare the force generated in GDS with actual human stomach, the forces induced 
by simulated ACWs in GDS were analyzed using rubber balloon (diameter 24 mm) attached 
to a manometer (testo-510; Testo AG Co., Ltd., Lenzkirch, German). The balloon was placed 
in approximately 60 mm height from the bottom of GDS vessel, where clearance becomes 
minimum (5.4 mm) resulting in the maximum contraction force. The maximum pressure was 
measured by the manometer (n=5), when the simulated ACWs compress the balloon. Since 
some studies have analyzed the gastric contraction force as “N”, the measured maximum 
pressure (Pa) was then converted to the maximum contraction force (N) by the relationship 
between pressure and force using a TPU texture profile unit (Yamaden Co., Ltd., Tokyo, 
Japan). The balloon was compressed by the plunger (diameter 40 mm) of this texture profile 
unit, and the compressive force corresponded to each pressure was recorded.  
 
4.2.3 Material preparation and properties 
Tofu (bean curd) was used in this study as a model protein-based food. Tofu is generally 
used in food study as a solid food that contains 85 to 90% water and 5 to 10% protein, 
according to the Standard Tables of Food Composition in Japan (v). Two types of Tofu, 
Kinugoshi and Momen, were purchased at a local market. Though the chemical composition 
of these two types is nearly the same, their manufacturing processes differ. Kinugoshi is made 
from soy milk gel without draining the water, whereas Momen is made from the same raw 
materials but the water is drained afterward. Therefore, their physical properties are generally 
different. 
For the preparation of simulated digestive juice, NaCl, KCl, NaHCO3, and HCl were 
purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). For the digestion 
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enzymes, -amylase (#02100447) was purchased from MP Biomedicals, Inc. (Santa Ana, 
USA), and pepsin from porcine gastric mucosa P7000 was purchased from Sigma-Aldrich, 
Inc. (St. Louis, USA). 
The breaking stress and Young’s modulus of Kinugoshi-Tofu and Momen-Tofu were 
measured before the digestion experiment. Texture profile analysis was applied using a TPU 
texture profile unit (Yamaden Co., Ltd., Tokyo, Japan). An 8.0 mm-diameter probe was used 
in the texture measurement. Samples 15 mm (wide) x 15 mm (deep) x 15 mm (high) were 
compressed up to 90% deformation with a probe speed of 1.0 mm/s. Their breaking stress and 
Young’s modulus are presented in Table 4.1. 
 
4.2.4 In vitro gastric digestion procedures 
4.2.4.1 Preparation of simulated saliva and gastric juice 
Simulated saliva was prepared by dissolving 0.117 g/L NaCl, 0.14 g/L KCl, 2.1 g/L 
NaHCO3, and 2.0 g/L -amylase in Milli-Q water. Simulated gastric fluid (SGF) was prepared 
by dissolving 8.775 g/L NaCl and 1.0 g/L pepsin in Milli-Q water with pH 1.3, adjusted using 
1 N HCl. 
 
4.2.4.2 Preparation of Tofu as model food for digestion experiment 
Considering that foods are chewed before digestion, each Tofu sample was cut into 5 
mm cubes before the gastric digestion experiment: 5 mm is considered the maximum size of 
food particles ingested into the human stomach (Jalabert-Malbos et al., 2007). Tofu particles 
of 80 g were then gently mixed with 30 mL of the simulated saliva in a beaker and allowed to 
stand for 2 min. Next, 200 mL of the SGF was added to the Tofu-saliva mixture. All simulated 




4.2.4.3 GDS experiment 
The GDS developed in this chapter was used to demonstrate physical effects on solid 
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food digestion, as well as enabling visualization of the digestion process. Simulated gastric 
contents (each containing 80 g Tofu, 30 mL saliva, and 200 mL gastric juice previously 
prepared) were transferred to the GDS and incubated at a constant temperature of 37
o
C up to 
180 min. The applied ACWs speed was 2.5mm/s, and the generation frequency was 1.5 
cycle/min (see Chapter 1 section 1.3.3.1). The entire digestion process in the GDS was 
monitored using a video camera (Fig. 4.2a), and the time course changes of Tofu particles 
were monitored by analyzing their packing, shape, and size. 
 
4.2.4.4 Flask-shaking experiment 
To compare the GDS and conventional in vitro gastric digestion experiments, a 
flask-shaking experiment was conducted according to the procedure described by Wang et al., 
(2013) with a slight modification. In this experiment, simulated gastric contents were 
transferred to a 300 mL Erlenmeyer flask and incubated at 37
o
C with a shaking frequency of 
115 strokes/min, up to 180 min. 
 
4.2.5 Characterization of digested Tofu samples 
4.2.5.1 Classification and observation 
The digesta containing Tofu particles after the GDS or flask-shacking experiment were 
classified using sieves of four different mesh sizes (d): 0.60, 1.18, 2.36, and 3.35 mm. After 
sieving, photographs of Tofu particles collected in each fraction were taken, and particle shape 
was observed. 
 
4.2.5.2 Dry weight measurement 
To determine Tofu particle size distribution after digestion, the dry weight of each size 
fraction was measured. Tofu particles collected from the four size fractions plus the smallest 
fraction (d < 0.60 mm) containing digesta with fine Tofu particles were dried to constant 
weight in a vacuum oven (AVO-250NS, As One Co., Ltd, Osaka, Japan), and their dry weight 
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in each size fraction was measured. 
 
4.2.5.3 Crude protein analysis 
As one of the protein value indicators in the classified Tofu particles, crude protein was 
analyzed using a combustion test (2400II CHN Analyzer, PerkinElmer, Inc., Waltham, USA). 
Three milligrams of dried samples obtained in each size fraction were burned and converted 
into gas containing CO2, H2O, and NOx. The gases were classified through the column 
according to the principle of frontal chromatography (Uhdeova and Rezl, 1981). The nitrogen 
amount of each burned sample was measured using the sensor of a CHN Analyzer. Since the 
average nitrogen content of proteins is 16%, the crude protein amount in each sample was 
estimated by multiplying the measured nitrogen weight by the conversion factor of 6.25 
(Furuta et al., 1998). 
 
4.2.6 Statistical analysis 
Analysis of variance (ANOVA) was conducted to evaluate significant differences of 
breaking stress and Young’s modulus between Kinugoshi-Tofu and Momen-Tofu with the 
maximum confidence level of 95% (p < 0.05). All measurements of physical properties were 
repeated six times (n = 6). 
 
4.3 Results and discussions 
4.3.1 ACWs simulated in GDS 
Figure 4.3 presents snapshots of the movement of ACWs simulated on the sidewalls of 
the gastric vessel filled with SGF. A pair of contraction waves on the sidewalls was generated 
periodically by turning the rollers inward. The ACWs generated at an interval of 40 s 
progressed towards the base of the gastric vessel. The actual clearance between the deformed 
sidewalls narrowed to 5.5 mm as ACWs progressed downward, which was slight higher than 
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architectonic clearance (5.4 mm): this difference must derive from the reactive force of rubber 
sidewalls.    
The simulated ACWs compress and mix gastric contents inside the vessel. Previous 
studies have analyzed the intragastric flow-field induced by ACWs based on the in silico 
approach, which demonstrated the retropulsive flow against the progressing direction of 
ACWs and maximum flow velocity of approximately 10 mm/s (Pal et al., 2004; Chapter 2). 
Such mixing behavior has been also demonstrated using the in vitro approach with simplified 
gastric devices (Ferrua and Singh, 2010; Chapter 3). Those studies reported that ACWs was 
simulated by soft wall deformation. These studies suggest that ACWs generated by GDS have 
similar flow characteristics. 
 
4.3.2 The physical forces induced by simulated peristalsis in GDS 
The forces generated in GDS were shown in Table 4.2 with the in vivo data quoted from 
previous studies. The maximum pressure when the simulated ACWs compress balloon was 
8.0 ± 0.1 kPa. According to the previous in vivo studies investigating the pressure in human 
stomach, the range of mean pressure is 0.2 to 1.3 kPa (Kwiatek et al. 2009; Desipio et al. 
2007), whereas the range of maximum pressure during the ACWs is 7.1 to 8.1 kPa (Desipio et 
al. (2007)): the detail of gastric force is described in Chapter 1 section 1.3.3.2. Considering 
the maximum pressure in the presence of ACWs, the compression pressure generated in GDS 
can correspond to that of in vivo. Since the mechanical compression force can be dominant for 
breaking down solid foods as discussed in Chapter 3 section 3.4, the compression force in 
GDS was estimated. The maximum compression force converted from compression pressure 
was 22.2 ± 0.2 N, which was within the range of antral force during emptying: 6.0 ± 2.7 N in 
the case of liquid meal, and 22.0 ± 2.8 N in the case of solid meal (Vassallo et al. (1992)): 
these are mean value, thus the maximum value might be higher than 22 N. On the other hands, 
the smaller values of gastric force compared to GDS have also been proposed. Marciani et al. 
(2001c) reported that the maximum gastric force that can break down agar gels (diameter 12.7 
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mm) was 0.65 N. Kamba et al. (2000) also predicted that the maximum force that breaks 
down Teflon tablets (length: 7 mm; width: 4 mm) was 1.5 to 1.89 N. Since the unit defined as 
“N” sometimes changes according the contact area of the objects, the compressive stress on 
the objects (Pa = N/m
2
) was estimated based on the cross-sectional area of the object. The 
maximum compressive stress on the balloon in GDS was 41.7 ± 0.3 kPa. The compressive 
stress on other objects reported in Marciani et al. (2001c) and Kamba et al. (2000) were also 
estimated by the similar way resulted in 4.0 kPa in the case of agar gels and 53.6 to 67.5 kPa 
in the case of Teflon tablets. Thus, there is the possibility that the compressive stress in GDS 
is within the range of that in actual stomach. In conclusion, it is indicated that the physical 
forces generated in GDS is possible values compared to actual stomach.  
 
4.3.3 Direct observation of the digestion process in GDS 
Figure 4.4 presents snapshots of Kinugoshi-Tofu digestion in GDS up to 180 min. Initial 
Tofu particles (5.0 mm cubes) gradually disintegrated into smaller pieces, thus reducing the 
total height of the particles, which were packed more densely. The same tendency was 
observed for digestion experiments using Momen-Tofu. The appearance of the liquid phase in 
the gastric contents also changed during the digestion experiments, regardless of the Tofu type 
used. At first, the liquid phase of gastric contents above the packed Tofu particles was 
considerably transparent; however, it gradually became turbid. Moreover, fine Tofu particles 
were dispersed in the liquid phase of gastric contents throughout the experiment. 
To discuss the effects of pepsin on Tofu disintegration, GDS digestion experiment in the 
absence of pepsin was also conducted using Kinugoshi-Tofu: the photographs after 180 min 
were shown in Figs 4.6a1 (with pepsin: pepsin (+)) and a2 (without pepsin: pepsin (-)). The 
Tofu particles were partially disintegrated in 180 min even without pepsin. This indicates that 
gastric peristalsis can have the ability to physically break down Tofu particles to a certain 
degree even in the absence of pepsin. However, the degree of disintegration in the case of 
pepsin (-) became decrease compared to that of pepsin (+). Therefore, the presence of pepsin 
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must promote the disintegration of Tofu particles. In addition, it was observed that the liquid 
phase of gastric contents above the packed Tofu particles in the case of pepsin (-) looked more 
turbid than that of pepsin (+). It means that the pepsin might chemically decompose the 
protein of Tofu parties into small peptide during GDS digestion experiment: the small peptide 
is able to be dissolved in aqueous phase resulted in the decrease of turbidity in liquid phase of 
gastric contents in the case of pepsin (+). 
We could successfully observe the digestion process of Tofu using GDS: the 
disintegration behavior of Tofu and the difference in appearance between pepsin (+) and 
pepsin (-). Although size reduction of food particles after a digestion experiment was 
previously reported using an in vitro gastric device (Kong and Singh 2010), the disintegration 
mechanism was not well understood. Thus, the digestion process observed in GDS provides 
useful insight into food disintegration. 
 
4.3.4 Analysis of size distribution of Tofu particles after digestion 
experiments 
4.3.4.1 Kinugoshi-Tofu using GDS 
To analyze the size distribution of Tofu particles during the digestion experiments, the 
dry weight in each sieved fraction was measured. Figure 4.5a presents the variation of dry 
weight in each size fraction of Kinugoshi-Tofu particles during the GDS digestion experiments. 
The ratio of largest fraction (d > 3.35 mm) per total dry weight of all fractions decreased 
rapidly up to 17% for 120 min digestion, reaching 12% after 180 min. However, the weight 
ratio of the intermediate fraction (0.60 mm < d < 3.35 mm) gradually increased to 41% at 120 
min and reaching 43% within 180 min. The smallest fraction (d < 0.60 mm) increased to 30% 
at 120 min and reached 40% at 180 min. These data indicated that Tofu particles with an 
initial size of 5.0 mm were gradually disintegrated and shifted toward small size fraction, 
which also corresponded to the direct observation results presented in Fig. 4.4. Finally, more 
than 50% of Tofu particles against the total dry weigh were disintegrated blow 2 mm. When 
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considering the fact that the food particles which size are less than 2 mm can be emptied 
through pylorus (Kelly et al., 1980), the adverb result indicates that GDS has a same 
environment of disintegrating solid foods as actual human stomach. On the other hands, 
comparable large particles still remained at the end of GDS digestion experiment. Bornhorst 
et al. (2013) reported the rice disintegration in pig stomach, showing that somewhat large rice 
particles of serval millimeters still remain in pig antrum even at 480 min after ingestion. This 
in vivo data qualitatively corresponds to the size distribution result obtained using GDS. 
The difference of size distribution in the presence/absence of pepsin is shown in Fig. 
4.6b. The ratio of largest fraction per total dry weight of all fractions was 29% after 180 min 
in the case without pepsin, which is approximately 3 times higher than that with pepsin. The 
observation and size distribution results indicate that pepsin promote disintegration of Tofu. 
Since the Tofu particles disintegrated to a certain degree even in the absence of pepsin, 
peristalsis itself also have a role of reducing the size of solid food particles. These results 
suggest that solid food must be digested with a combination of chemical and physical 
digestion effects in actual stomach. 
Kinugoshi-Tofu particles in each size fraction after 180 min digestion are depicted in Fig. 
4.7a. Although the initial Tofu particles were cubic, the particles that disintegrated during 
digestion were irregularly shaped, suggesting that they were physically broken down by 
simulated peristalsis. As described in Chapter 2 Fig. 2.5 and Chapter 3 Fig. 3.5, the 
hydrodynamic shear force can be too low to break down solid foods. On the other hands, the 
mechanical compression force generated by the contractions of GDS sidewalls has a potential 
to break down solid foods as shown in Table 4.2. Therefore, Tofu particles in GDS cannot be 
“hydrodynamically”, but “mechanically” broken down by simulated peristalsis. The particles 
were smaller than the minimum sidewall clearance, and the loosened contact between 
particles led to ineffective disintegration. However, when particles were densely compacted, 
they broke down more easily by crushing against each other, which may also occur in the 
human stomach. In addition, Tofu particles can be broken down by the pressure occurred 
within the area between the end of GDS simulating pylorus and peristalsis progressing toward 
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the end of GDS. This type of compression phenomena may also occur in human stomach. In 
some case, the gastric contents in actual stomach are more viscous depending on the type, 
amount, and composition of foods (Marciani et al., 2000). Increasing viscosity may promote 
food break down since hydrodynamic pressure in gastric contents becomes high. 
 
4.3.4.2 Kinugoshi-Tofu using flask-shaking digestion 
Figure 4.5b presents the variation of dry weight in each size fraction of Kinugoshi-Tofu 
particles during flask-shaking digestion. The largest fraction decreased almost linearly to 37% 
after 180 min digestion. The ratio of the intermediate fraction increased smoothly up to 10% 
within the same period. The smallest fraction also gradually increased, reaching 55% at the 
end of the digestion experiment. The ratio of intermediate fraction during digestion differed 
for GDS and flask-shaking experiments. As presented in Fig. 4.7b, the largest and 
intermediate fractions of Tofu particles maintained their cubic shape with smooth edges, even 
after digestion. These results indicate that, for the flask-shaking system used, the surfaces of 
Tofu particles were dissolved by the chemical effect of digestive juice, reducing size without 
mechanical compression mentioned in the previous section. To quantitatively discuss about 
adverb matter, the diffusion time of pepsin required for reaching inside Tofu particles (Tpep) 
was estimated using Eq. 4.1: 
peppep2 TDRTofu                              (4.1) 
, where RTofu is the initial radius of Tofu particles used in digestion experiment (2.5 mm), and 





Estimated Tpep was approximately 600 min, which is long enough compared to the maximum 
time of digestion experiment and typical transit time of stomach (180 min). This estimation 
result also suggests that pepsin cannot diffuse inside the Tofu particles within the time scale of 
gastric digestion, resulted in reacting mainly in the surface of Tofu particles.  
 
4.3.4.3 Momen-Tofu in GDS: effects of mechanical properties of Tofu on digestion 
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Figure 4.5c presents the variation of dry weight in each size fraction of Momen-Tofu 
particles during the GDS digestion experiments. The largest fraction gradually decreased to 
13% after 180 min digestion. The ratio of the intermediate fraction increased to 30% within 
the same period. The smallest fraction increased more, to 58% at 180 min. 
Although the disintegration tendency was similar for the Kinugoshi-Tofu and 
Momen-Tofu particles, the variation of the ratio of each size fraction was influenced by Tofu 
type. For instance, Kinugoshi-Tofu particles in the largest fraction disintegrated more easily 
and quickly than Momen-Tofu particles. These results could be due to the different breaking 
stress and Young’s modulus; the breaking stress and Young’s modulus of Momen-Tofu were 
significantly higher than those of Kinugoshi-Tofu (Table 4.1). 
Designing physical properties of foods is important, especially for solid food digestion. 
The GDS digestion results using Kinugoshi-Tofu and Momen-Tofu can provide insight into 
developing novel foods with precisely controlled digestibility. 
 
4.3.5 Crude protein analysis at different GDS digestion periods 
The amount of crude protein was analyzed in each size fraction after the GDS 
digestion experiments using Kinugoshi-Tofu (Fig. 4.8a) and Momen-Tofu (Fig. 4.8b) to 
quantitatively analyze the change of protein content in Tofu. The total amount of crude protein 
is almost constant in all digestion time, which means that mass balance of Tofu in each 
digestion time was successfully analyzed using GDS. Figure 4.9 presents the crude protein 
ratio of the size fraction smaller than 2.36 mm based on Figs. 4.8a and b. This mesh size is 
close to the pylorus diameter in the human stomach, where gastric emptying takes place. The 
crude protein ratio of the fraction smaller than 2.36 mm increased continuously with digestion 
time for both Kinugoshi-Tofu and Momen-Tofu. After 180 min digestion, the crude protein 
ratio exceeded 70%, which corresponds to their dry weight ratio. These results demonstrated 
that Tofu protein was contained mostly in the fraction smaller than pylorus diameter after 
GDS digestion, which indicates that this size of digested Tofu particles containing protein 
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could be transported into the small intestine. 
The most interesting point is the similarity of graph patterns between dry weight and 
crude protein in GDS experiment using both type of Tofu (see Figs 4.5a and 4.8a, or Figs 4.5c 
and 4.8b). That is, protein inside the Tofu particles cannot be decomposed and diffused outside 
of the Tofu particles. If these phenomena occurs, for instance, the ratio of crude protein in the 
largest fraction per total crude protein must decrease compared to that of dry weight. 
Considering the discussion about pepsin diffusion in Tofu particle (see section 4.3.4.2), the 
correspondence of graph patterns between dry weight and crude protein also suggests that 
pepsin can react mainly in the surface of Tofu particles. In such a case, the physical 
breakdown of Tofu particles can be needed to promote Tofu digestion. Gastric peristalsis can 
have a role of mechanically breaking down solid food particles, resulting in reducing the size 
of Tofu particles and changing the particle shape into irregular shape as shown in Fig. 4.7a. 
These two phenomena increase the specific surface area of Tofu particles, which can promote 
pepsin reaction in the particle surface. This discussion based on the data obtained from GDS 
digestion experiments can help us more deeply understand the solid food digestion in human 
stomach. 
  




Human Gastric Digestion Simulator (GDS) was developed as a novel in vitro gastric 
digestion device mainly aiming at analyzing physical digestion of solid foods. GDS mimics 
gastric antrum structure and simulates gastric peristalsis based on the knowledge obtained 
from previous gastric models: antrum model in Chapter 2 and GFS in Chapter 3. The device 
also enables us to directly observe digestion process though the transparent windows. The 
motion of ACWs was successfully simulated using rollers and rubber sidewalls. The forces 
induced by simulated peristalsis (compression pressure, force, and stress) were possible 
values compared to in vivo data (Table 4.2). 
 Tofu was used as a typical solid food. The digestion process of Tofu was directly 
observed in real time using GDS: initial Tofu particles (5.0 mm cubes) gradually disintegrated 
into smaller pieces and the liquid phase in the gastric contents became turbid during the 
experiment (Fig. 4.4). It was also observed that the degree of disintegration decreased in the 
absence of pepsin (Fig. 4.6). These direct observations can help us understand the gastric 
digestion phenomena in more depth. 
More than half of Tofu particles reduced its size below 2 mm after GDS digestion 
experiment. This size corresponded to the food particle size which can pass though the 
stomach (Kelly et al., 1980), indicating that GDS has a same environment of disintegrating 
solid foods as actual human stomach. The size distribution was different between GDS and 
flask-shaking experiment which is absence of peristalsis (Figs. 4.5a and b). In addition, the 
initial cubic shape of Tofu parities corrupted after GDS digestion, whereas the cubic shape 
maintained even after 180 min in the case of flask-shaking experiment (Fig. 4.7). Considering 
theses data and the result without pepsin (Fig. 4.6a and b), it suggests that gastric peristalsis 
can physically break down Tofu particles. Since the hydrodynamic shear forces estimated in 
Chapter 2 Fig. 2.5 and Chapter 3 Fig. 3.5 are too low to break down solid foods, the 
mechanical compression force described in Table 4.2 can be dominant for this break down 
phenomenon of solid food particles.  
Chapter 4. Development of in vitro gastric digestion device 
87 
 
There was a somewhat difference of size distribution between Kinugoshi-Tofu and 
Momen-Tofu: the amount of intermediate fraction of Kinugoshi-Tofu was approximately 1.5 
times larger than that of Momen-Tofu in 180 min GDS experiment (Fig. 4.5c). The results may 
derived from the difference of breaking stress or Young’s modulus between these two types of 
Tofu. Further study has to be conducted regarding with the relationship between mechanical 
properties of solid foods and disintegration speed. 
The amount of crude protein in each sieved faction was analyzed in each size fraction 
after the GDS digestion experiments using both types of Tofu. The total amount of crude 
protein in each digestion time corresponded to the initial amount of crude protein (Fig. 4.8a), 
which suggests that protein based mass balance of Tofu in each digestion time was 
successfully analyzed using GDS. After 180 min in GDS digestion experiment, 70% of 
protein was finally transferred to the fraction smaller than 2.36 mm which corresponds the 
size of gastric pylorus (Figs. 4.8 and 4.9).  
Pepsin has a possibility to react mainly in the surface of Tofu particle in the case of  
comprehensively considering the following three results: the particle shape in flask-shaking 
experiment (Fig. 4.7), the estimated time scale of pepsin diffusion (Eq. 4.1), and the similarity 
of graph patterns between dry weight and crude protein in GDS experiments (Figs 4.5 and 
4.8). Gastric peristalsis may have the ability to promote this surface reaction of pepsin by 
mechanically breaking down Tofu particles and increasing specific surface area of these 
particles. 
In conclusion, solid food digestion phenomena were successfully analyzed using GDS 
which simulates gastric peristalsis. In this chapter, we could discuss the role of gastric 
peristalsis on solid food digestion. This study gives us basic insights especially on physical 
gastric digestion, which may be useful for controlling food digestion in the future. 
  










Table 4.1. Physical properties of Tofu samples prior to digestion.  
 
Significant differences for breaking stress (* p < 0.01) and Young’s modulus (** p < 





Tofu Breaking stress (kPa) Young’s modulus (kPa)
Kinugoshi 11.5±0.7 * 24.4±3.1 **
Momen 20.1±2.9 * 28.9±2.8 **





Fig. 4.1. Photograph of Gastric Digestion Simulator (GDS) including the gastric vessel, 






















Fig. 4.2. Simple geometry of GDS. a 3-D schematic of the gastric vessel. b Schematic of the 
roller systems. Oval dashed lines in b denote the tracks of roller rotation.  
a
b
Clearance                 
(> 5.4 mm)
Roller               



















Fig. 4.3. Snapshots of ACWs generated in one cycle. The gastric vessel was filled with SGF. 
White dashed circles indicate the momentary position of rollers.
 
 
a 0 s b 10 s c 20 s


























































































































































































































































































































































































































































































































































































































































































































































































Fig. 4.4. Snapshots of Kinugoshi-Tofu digestion up to 180 min. Disintegration of Tofu 
particles was directly observed.  
d 180 min




























Fig. 4.5. Dry weight in each size fraction of Tofu particles during digestion experiments, 
















































Fig. 4.5. Dry weight in each size fraction of Tofu particles during digestion experiments, 
indicating time change of size distribution. c Digestion of Momen-Tofu by GDS. The error bar 




















3.35 mm < d
2.36 mm < d <  3.35 mm
1.18 mm < d <  2.36 mm
0.60 mm < d <  1.18 mm
d <  0.60 mm
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Fig. 4.6. GDS digestion experiment of Kinugoshi-Tofu after 180 min: a1 with pepsin; a2 
without pepsin. b Dry weight in each size fraction of Tofu particles. 
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Fig. 4.7. Typical shape of disintegrated Kinugoshi-Tofu particles in each fraction after 180 min 
digestion using a GDS and b flask shaking.  
a1 3.35 mm < d
a2 2.36 mm < d <  3.35 mm
a3 1.18 mm < d < 2.36 mm
a4 0.60 mm < d < 1.18 mm
b1 3.35 mm < d
b2 2.36 mm < d <  3.35 mm
b3 1.18 mm < d < 2.36 mm
b4 0.60 mm < d < 1.18 mm
5 mm




Fig. 4.8. Time changes of crude protein in each fraction during GDS experiments. a 
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Fig. 4.9. Changes in the ratio of crude protein in fractions smaller than 2.36 mm compared to 
































Chapter 5. General conclusions 
This chapter summarizes the results obtained in Chapters 2, 3, and 4 and discusses 
prospects for further studies. 
 
5.1 Conclusions 
Recently, the control of food digestion has been receiving the attention of researchers 
and the food industry because of the increased number of elderly persons, persons with 
metabolic syndrome, and functional dyspepsia patients whose digestion function is unusual. 
Quantitative understanding of food digestion provides some hints for designing foods that are 
easy to digest or hard to digest for such persons. However, in vitro digestion methods are 
required so that food digestion can be analyzed at a comparatively low cost. We have 
investigated gastric digestion using in silico and in vitro approaches focusing on physical 
digestion. Gastric peristalsis, which is the contraction motion of the gastric wall, induces 
physical digestion; physical digestion in the stomach involves the mixing of gastric contents 
and the breakdown of solid foods. Understanding the latter phenomenon is directly linked to 
the design of solid food products. However, quantitative knowledge of the function of gastric 
peristalsis remains insufficient.  
In this thesis, we have prepared some gastric models aimed at developing an in vitro 
gastric digestion device so that we can analyze the physical digestion of solid foods. As a 
fundamental approach, we first investigated hydrodynamic effects on food digestion induced 
by gastric peristalsis using in silico and in vitro gastric models (Chapters 2 and 3). We then 
developed an in vitro gastric digestion device to analyze solid food digestion as an applied 
approach (Chapter 4). A schematic image of conclusions and perspectives is presented in Fig. 
5.1. Here, the conclusions in each chapter are described. 
 
5.1.1 Fundamental study: analysis of intragastric flow phenomena 
induced by peristalsis 




In Chapter 2, an in silico model, the antrum model that mimics the structure of the 
gastric antrum, was prepared to simulate gastric peristalsis and intragastric flow on a 
computer. Using model liquid gastric contents in single-phase, we could reproduce two flow 
patterns of intragastric flow using the antrum model: retropulsive flow against the direction of 
ACWs and eddy flow around the waves. The results provide insight for developing an in vitro 
gastric digestion device. Fluid viscosity affects intragastric flow only under low viscosity 
conditions (<10 mPa s). According to the maximum flow velocity (10 mm/s) and the 
Reynolds number (700), gastric contents can be mildly mixed using gastric peristalsis. 
Estimated the Peclet number (8.5 x 10
5
) suggested that gastric enzyme and contents are mixed 
by convection, promoting enzyme reaction. The most interesting result is the shear force in 
the intragastric flow. The estimated shear rate was 20 s
-1
 at most, which is much lower than 
that of homogenizers (general mixing machines).  
In Chapter 3, we developed an in vitro gastric model, the Gastric Flow Simulator (GFS), 
to experimentally simulate gastric peristalsis and intragastric flow. GFS also mimics the 
gastric antrum. The same two flow patterns were observed using GFS: retropulsive flow 
against the direction of ACWs and eddy flow around the waves. Gastric peristalsis and 
intragastric flow were experimentally reproduced using the in vitro device. The maximum 
flow velocity (10 mm/s) and the Reynolds number (125) were within the same order as 
described in Chapter 2, which strongly demonstrates that intragastric flow is a mild laminar 
flow. Since fluid viscosity hardly affects intragastric flow, this intragastric flow can be stable 
against the viscosity of gastric contents. We also analyzed two-phase intragastric flow 
experimentally. The flow-field around the model solid food particles was measured. Though 
the flow-filed around the solid particles changed dynamically, the maximum shear rate 




As conclusions of Chapters 2 and 3, intragastric flow phenomena induced by peristalsis 
was successfully analyzed using gastric models. From the perspective of developing gastric 
digestion device, the human stomach was successfully simplified using antrum model in 




Chapters 2. Simulating gastric peristalsis using experimental device in Chapter 3 enables us to 
develop in vitro gastric digestion device for the analysis of solid food digestion in Chapter 4.  
From the point of scientific view, it was suggested that gastric contents are mildly 
mixed by the flow associated with peristalsis. The flow-field analysis using fluids of different 
viscosities in Chapters 2 and 3 provides us a new insight about the sensitivity of intragastric 
flow against fluid viscosity, since the effects of fluid viscosity on intragastric flow have not 
been understood enough. In addition, there is no experimental study investigating the 
intragastric flow containing solid content as far as we know. Thus, the flow-filed around the 
model solid food particles obtained in Chapter 3 is especially a new knowledge regarding 
with complex intragastric flow. The most interesting point is the shear rate estimated in 
Chapters 2 and 3. It was numerically and experimentally indicated that the hydrodynamic 
shear force is too low to break down solid foods, whereas mechanical compression force 
induced by gastric peristalsis is dominant for this breakdown phenomenon. These two 
chapters give us parts of the fundamental understanding gastric digestion in human. 
 
5.1.2 Applied study: Development of in vitro gastric model for the 
analysis tool of solid food digestion 
In Chapter 4, an in vitro gastric digestion device, the Gastric Digestion Simulator (GDS), 
was developed to analyze food digestion in the human stomach. GDS simulates gastric 
peristalsis based on the knowledge obtained in Chapters 2 and 3. In addition, mechanical 
compression force induced by simulated peristalsis in GDS was a possible value compared to 
that of in vivo data. Some of the GDS materials are transparent so that we can directly observe 
digestion. Tofu was chosen as a typical solid food. The digestion of Tofu was directly observed 
and quantitatively analyzed using GDS. The disintegration behavior of Tofu particles and the 
change of aqueous phase during the digestion experiment were observed in real time using 
GDS. We could also observe that the degree of disintegration became decrease in the absence 
of pepsin. These visualization data are useful to understand the gastric digestion. Cubic Tofu 




particles with a diameter of 5 mm were disintegrated during the GDS digestion experiment, 
reducing the size to less than 2 mm after 180 min. This result indicates that GDS has the same 
environment of breaking down solid foods as the actual stomach, since food particles smaller 
than 2 mm can empty from the stomach through the pylorus. Size distribution during the GDS 
digestion experiment differed depending on type of Tofu (Kinugoshi-Tofu or Momen-Tofu). 
This result may be due to the difference in mechanical properties (e.g., breaking stress or 
Young’s modulus). The most interesting result is the difference between the GDS and the 
flask-shaking experiment results without peristalsis. The size distribution and the shape of 
Tofu particles during the GDS digestion experiments differed from those after the 
flask-shaking experiment. The cubic particle shape corrupted the agar GDS experiment, 
whereas the cubic shape was maintained with flask-shaking.  
The breakdown phenomena of Tofu particles must be derived from the mechanical 
compression force induced by peristalsis, since Tofu particles broke down to a certain degree 
without pepsin in spite of low hydrodynamic shear force in the intragastric flow. On the other 
hands, the pepsin can react mainly in the surface of Tofu particle considering following three 
results: the shape observation of Tofu particles after digestion experiments, the estimation of 
pepsin diffusion inside Tofu particle, and the comparison between dry weight and crude 
protein. Thus, gastric peristalsis is assumed to promote the enzyme reaction in the particle 
surface by mechanically breaking down Tofu particles and increasing their specific surface 
area. Although this compression force was measured to some extent in Chapter 4, further 
study is needed to understand the physical gastric digestion in more depth. 
 
An in vitro gastric device considering peristalsis, named Gastric Digestion Simulator, 
was successfully developed: the digestion phenomena of solid food were successfully 
analyzed using the device (Chapter 4). The results strongly suggested that gastric peristalsis 
promotes solid food disintegration by its physical breakdown effect. Until now, there are few 
digestion devices which consider gastric peristalsis aiming at the analysis of solid food 
digestion. Thus, GDS contributes to quantitatively understand how solid foods are physically 




and chemically digested in the stomach, giving us some hints for controlling food digestion in 
human stomach. Although some devices that simulate peristalsis-like motion have been 
proposed recently, it is still no device aiming at directly observe gastric digestion process. On 
the other hand, one could intuitively recognize the difference of appearance between Tofu 
digestion experiments with and without pepsin (Fig 4.6a) by directly observing digestion 
process using GDS. Such visual information obtained by GDS can give us additional 
knowledge for understanding food digestion.  
 
As the final conclusion, we analyzed hydrodynamic flow and solid food digestion in the 
human stomach using in silico and in vitro gastric models. Our findings obtained in all 
chapters are expected to clarify food digestion in the human stomach and to contribute to the 
design of foods for controlled digestion. 
 
5.2 Perspectives 
Perspectives considering the conclusions are presented in Fig. 5.1 (bottom). The results 
obtained in Chapters 2 and 3 indicate that mechanical compression force can be important for 
breaking down foods. Also, digestion behavior without pepsin and comparison of the results 
of GDS (with peristalsis) and the flask-shaking method (without peristalsis) in Chapter 4 
suggest that gastric peristalsis can mechanically break down solid foods. Thus, basic analysis 
of the mechanical compression force induced by gastric peristalsis is needed in future studies 
(e.g., comparison of mechanical compression force with GDS and in vivo). It also necessary 
to study the relationship between mechanical characteristics and disintegration speed of solid 
foods to design solid food products with controlled digestibility. In that case, model foods for 
which we can control the mechanical properties are useful: gel is a conventional model food, 
since its mechanical properties can be controlled by changing the concentration of gelatinizer.   
Regarding Chapter 4, analysis of digestion after solid food disintegration is the next step 
of our study. The breakdown of solid materials must promote the release of nutrients inside 




the food, which can affect the absorption of nutrients in the small intestine. A release profile 
of nutrients embedded in a food matrix can provide interesting information about designing 
new food products that can control nutrient absorption. The digestion of microscale food 
particles after disintegration of bulk-size food is also useful for in-depth understanding of 
solid food digestion. 
Finally, improving GDS is an important mission. A continuous reaction system is 
needed for GDS, where a continuous supply of gastric juice and emptying of gastric contents 
must be simulated. For example, it will be possible to analyze the retention time of foods 
using GDS if this continuous reaction system is developed in the future. It will then be 
necessary to validate the flow of secretion and emptying between GDS and the actual stomach. 
Development of a duodenum model is another mission aimed mainly at fat digestion: the 
duodenum is the upstream part of the small intestine where lipase mainly acts. As mentioned 
in Chapter 1 section 1.2, physical digestion such as mixing also occurs in the duodenum. Such 
phenomena are induced by peristalsis and segmentation of the duodenum wall. Some in vitro 
digestion systems or devices considering the duodenum have already been proposed, aimed 
mainly at chemical digestion (see Chapter 1, Fig. 1.5ab). Therefore, one important point for 
developing a new duodenum device is simulating physical digestion induced by peristalsis 
and segmentation. 
  









Fig. 5.1. Conclusions and perspectives of this thesis  
< Applied study >< Fundamental study >
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of solid food were successfully
analyzed using the device.
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food disintegration by its
physical break-down effect.
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by the flow associated with
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